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ABSTRACT
A new definition of the kilogram is being sought. One approach is to relate the kilogram to 
an atomic mass through the accurate measurement of the Avogadro constant, and it 
requires the fabrication of neai-perfect spheres from Si single-crystal material by a 
mechanical polishing process. Knowledge of the composition and structure of a sphere's 
surface is required when determining its density. In the relevant literature, the silicon 
surface has been described as a layer of amorphous silicon dioxide. Measurement of the 
oxide layer thickness is often made with spectroscopic ellipsometry (SE) whose spectra 
are interpreted by the assumption of an optical model consisting of an abrupt Si-SiOi 
interface and optical constants derived from studies of bulk amorphous SiOz. In this 
present thesis, the application of Rutherford Backscattering Spectroscopy (RBS), X-ray 
Photoelectron Spectroscopy (XPS) and gravimetric weighing has demonstrated this model 
is overly simplistic.
The main contribution of this thesis is to develop a physical model that accurately 
describes the surface of highly polished spheres. Si single-crystals of five different 
orientations - (100), (110), (111), (211), (311) - were mechanically polished with a similar 
method to that used when fabricating spheres. The surface oxide thickness is determined 
by RBS with channelling. Sub-surface damage resulting from the polishing process is seen 
at the Si-SiOz interface and showed a dependence on crystal orientation. An organic 
surface overlayer is identified and quantified by XPS, and gravimetric weighing is used to 
determine the adsor ption isotherm of water on polished Si. The values of these parameters 
are used to build a consistent optical model to fit SE data; the damaged layer and the 
adsorbed organic and water contaminants are all significant components of the surface 
"oxide" layer. The new model has been applied for the first time to data obtained on a 
silicon sphere. A procedure was developed that will enable the oxide thickness to be 
determined on Avogadro silicon spheres with sufficient accuracy for the determination of 
the Avogadro constant and the potential re-definition of the kilogram.
xviir
CHAPTER 1: Introduction 
1.1 Chapter overview
This chapter describes the aim and objectives of this thesis, and the justification for the 
work set in context by the Avogadro Project, which is a global collaboration concerned 
with establishing a new definition of the kilogram. The outcome of the collaboration is 
reliant on making an accurate determination of the Avogadro constant Aa and involves the 
fabrication of nearly perfect spheres from silicon single crystal material by a mechanical 
polishing process. Knowledge of a sphere's surface composition and structure, and the 
depth of any surface films present, is essential when measuring the density of the crystal. 
The density value is combined with a crystal's molar mass and lattice spacing to determine 
the value of Aa-
1.2 Justification for the work
1.2.1 Current definition of the kilogram
The kilogram, equal to the mass o f the international prototype o f the kilogram, remains 
the last of the seven base units of the Système International dUnites (SI) to be defined by 
a physical artefact, rather than derived from naturally occurring invariant phenomena [1]. 
A definition based on a physical artefact presents unique problems both in its maintenance 
and dissemination [2,3], the most significant being the manner in which the international 
prototype kilogram ‘K’ ages. The stability of ‘K’, which is cylinder manufactured from a 
platinum-iridium alloy (as are the 90 national prototype copies), is dependent on the 
accretion of surface contaminants [4,5]. Furthermore, the effect of cleaning [6] is to 
remove only those contaminants that aie physisorbed to the surface [7]. More strongly 
adsorbed contamination (e.g. mercury) has caused the mass of some copies to increase by 
as much as 75 pg over the last 100 yeais [8], which compaies poorly to an uncertainty of a 
few pg's that is achievable when comparing masses during the dissemination of the unit of 
mass to the user community. These reported mass variations of the national prototypes 
have cast doubt on the long-term stability of ‘K’.
Surface stability issues, combined with the drive for more accurate mass-related 
measurements in both research and industrial applications, create an immediate need for a 
new definition of the kilogram that is based on fundamental physical constants. With this 
as a goal. National Measurement Institutions (NMI’s) are investigating several approaches 
by which the kilogram might be re-defined [9,10].
1.2.2 Avogadro project; an atomic based definition of the kilogram
One possibility is to relate the kilogram to an atomic mass through the accurate 
measurement of the Avogadro constant. The kilogram could be defined by
1 kg  =  10'^ ..........................................
where Aa is the Avogadro constant and u is the unified atomic mass unit.
There is general agreement amongst the metrological community that the kilogram must 
be re-defined by a route that can achieve an uncertainty of 2 x 10^ kg (i.e. a relative 
uncertainty of 0.02 ppm) or better. If Eqn. 1.1 were used, it follows the value of Aa must 
be known with the same level of uncertainty. A direct value of Aa can be determined 
through the X-ray crystal density method (XCDM), where the lattice parameter ao, density 
p and molai* mass M of a single-crystal are measured [11,12]. For a perfect single-crystal, 
comprised of a single element with n atoms per unit cell, the Avogadro constant is given 
by the ratio of the molar volume Vmoi to the atomic volume Kt-
W -  ^mol _ n M  1 2
K . p a l  ............................................
Historically, silicon has been chosen as the crystal material as it can be prepared in a form 
that is extremely pure with a neai-perfect crystal structure [13]. The following quantities 
are therefore determined:
(1) volume occupied by a single Si atom, which is given by Vit = «o/8 ;
(2) macroscopic density p of the same crystal;
(3) molar mass M  and, thus, the isotopic composition of the Si crystal (silicon has three 
stable isotopes: ^^Si, ^^Si, ^^Si).
For real crystals, the application of the XCDM and Eqn. 1.2 require the lattice parameter 
to be an invariant quantity o f nature (within the limit of the required uncertainty) when the 
influence of residual defects and isotopic composition are accounted for [11], Combined 
optical and X-ray interferometers are used to determine the spacing of the Si(220) lattice 
planes [14,15]. A crystal's molar mass is determined by absolute measurements of the 
isotopic abundances of its three stable isotopes. The abundance ratio measurements are 
made by means of an isotope-ratio gas mass spectrometer, which is described in detail by 
De Blèvre [16].
1.2.3 Spherical artefacts for density measurement of Si crystals
The most accurate method by which the density of a crystal can be determined is by direct 
measurement of its mass and volume [17]. A sphere is an ideal shape for the measurement 
of its dimensions and hence, volume. Having no edges or corners that would make it 
vulnerable to damage, a sphere's volume can be determined from one parameter, its mean 
diameter. The mass of such spheres must be comparable with that of the international 
prototype kilogram and are therefore manufactured with a nominal diameter of 92 mm. 
Ultimately, a sphere's volume needs to be determined with an uncertainty of 0.01 ppm, 
which implies its mean diameter needs to be measured to ± 0.3 nm, i.e. a length of the 
order of the diameter of a Si atom. It is therefore necessaiy to produce spheres which have 
the their roundness and suiface texture controlled at the nanometre level.
Spheres are manufactured for the Avogadro project using an abrasion process based on a 
series of smoothing and polishing stages that are optimised to control both their final form 
and surface quality [18]. The best spheres now have asphericities of less than 50 nm and a 
surface roughness of 0.5 nm (peak-to-valley). Their deviations from roundness have been 
shown to have a strong cubic symmetry that is correlated with crystallographic direction, 
which have different degrees of hardness [19]. For the work presented in this thesis it has 
been necessary to develop a polishing procedure for the manufacture of flat, cylindrical 
and spherical artefacts. Appendix 1 describes the fabrication process developed at NPL.
1.2.4 Measurement of the density of Avogadro spheres
The mean diameter of an Avogadro sphere is determined from optical interfere metric 
length measurements. In this measurement, a sphere is placed within a quartz étalon and a 
light beam from a frequency-stabilised He-Ne laser is divided into two beams pointing at 
opposite ends of the interferometer. From the phase difference of the interfering beams, 
with and without the sphere in the étalon, a diameter can be determined [12,20,21]. In 
practice, many diameters are measured and the mean diameter is calculated. The situation 
is complicated by the fact that a sphere's surface will oxidise following its manufacture. 
The mass of the surface oxide must be subtracted from a sphere’s measured mass to obtain 
the mass of the Si crystal core. A surface oxide also causes a phase retardation of the light 
beam on its reflection from the oxide, which gives rise to a systematic difference between 
the measured and mechanical diameters [12] where the mechanical diameter is greater 
than the measured one. The density of a Si crystal is calculated from
^  =  7 ......................................................
4 ,where V  — ~  7Ü r   1.43
and r  and m are the radius and mass of the silicon core (at 20°C and 0 Pa). The mass of the 
crystal is calculated from the measured mass of the sphere msphere using
m =  -  4 TT   1-5
where <?ox is the oxide thickness and /?ox the oxide density. A surface oxide layer of 
thickness leads to a phase-related diameter correction with a constant part 0.0852 and a 
layer thickness dependant part 0.9207 do^  [22]. The radius of the crystal is calculated from 
the measured radius using
t o . ...........................................  16
where the phase retardation Cphase is given by
C,„_ = 0.0852 + 0.9207 ....................
Accurate values for the oxide thickness dox and density /?ox are therefore needed to correct 
a sphere’s measured density. The density of an amorphous oxide will depend on its 
chemical composition. However, the composition of the oxide on a sphere is unknown, 
and may be described as being SiOx, where X might realistically be expected to vary 
between 1.5 and 2.5. If one assumes the oxide has a density equal to that of amorphous 
SiOz (-2.20 g cm'^) then an oxide layer with a thickness of 5 nm requires a correction of
0.04 ppm to the measured density of the crystal. The contribution from the oxide thickness 
when measuring the crystal’s density must not exceed 0.005 ppm, and therefore the oxide 
thickness must be measured with an uncertainty of ± 0.5 nm.
Ellipsometry has frequently been used to estimate the thickness of the oxide on the surface 
of Avogadro spheres [11,12,23,24], where it has been universally assumed that a sphere's 
surface is correctly described by an optically well-defined layer of amorphous SiOz on a 
crystalline Si substrate. Application of this 'one-layer' model makes use of optical 
constants that have been derived from literature studies of bulk amorphous SiOz samples, 
e.g. Palik's values for glassy SiOz [25], and typically yields values for the oxide thickness 
of around 5 nm, which is significantly higher than those previously reported for native 
oxides that form on processed Si surfaces, e.g. <1.4 nm [26,27,28]. It is questionable, 
however, that accurate values of oxide thickness can be obtained from a simple slab model 
that neglects any sub-surface damage and any surface contamination.
1.2.5 Characterisation of the surface of polished Si spheres
For an Avogadro sphere, knowledge of the composition, structure and chemical state of its 
surface, together with the depth of any surface films present, is necessary to make 
corrections to its measured density. An ideal surface requiring no such corrections would 
consist of a perfectly truncated crystalline Si lattice. However, real surfaces are likely to 
include a number of components that are not crystalline Si. For example, a Si surface will 
always oxidise on exposure to ambient air. Furthermore, a polished surface that is 
produced by an abrasion process may contain regions where the Si lattice is damaged 
extending below the oxide (discussed at §2.5). There is also the possibility of adsorbed 
contamination, both physically or chemically bonded, whereby the sorption process would
depend upon the ambient environment and the chemical state of the surface (discussed at 
§2.6). By direct analogy with the oxide, the presence of adsorbed contamination will affect 
the measured density.
Our present understandings of the surface interactions of silicon, however, are derived 
largely from studies of chemically treated Si wafer surfaces that are optimised for 
semiconductor device applications. For instance, surfaces are often cleaned in oxidising I
solutions [29,30,31] and the oxide layer is typically etched with hydrofluoric acid. In I
contrast, relatively little has been established concerning an unmodified, mechanically- j
polished surface, because it is avoided within the semiconductor industry. Furthermore, |
the crystallographic orientations studied in the literature are invariably that of the j
technologically important (100) or (111) orientations. In contrast, the surface of a sphere i
iwill be comprised of many exposed crystallographic planes. It is known that both the 
physical and chemical properties (e.g. atomic density, Young’s modulus and dangling 
bonds at the Si-SiOz interface) vary with crystallographic orientation. These differing 
properties have a direct impact on the oxidation mechanisms (discussed at §2.3.5) and may 
significantly influence the manner in which material is removed during the polishing 
stages, affecting levels of sub-surface damage.
1.3 Aim and objectives of this thesis
The aim of this thesis is to develop a physical model that accurately describes the surface 
of highly polished silicon. This will be achieved by using complementary analytical 
techniques to characterise the surfaces of polished silicon artefacts in terms of their 
compositions and physical structures. The developed model will then be applied to • 
interpretate the spectra obtained with Variable Angle Spectroscopic Ellipsometry (VASE) 
on an Avogadro sphere to determine the thickness of surface layers (e.g. oxide, adsorbed 
contamination and sub-surface damage).
The complementary techniques are X-ray Photoelectron Spectroscopy (XPS), Rutherford 
Backscattering Spectroscopy (RBS), Atomic Force Microscopy (AFM) and Gravimetric 
Weighing (GW). The first three techniques, namely XPS, RBS and AFM, are restricted to 
the analysis of relatively small samples (e.g. with a surface area of around 1 cm^) with flat 
surface geometries. Samples prepared in this manner will have a surface that consists of
only a single crystallographic plane. In contrast, a sphere's surface will be comprised of 
many different crystallographic planes whose physical properties are known to vary and 
thereby may influence the surface. The strategy used in this thesis to determine an accurate 
surface model for polished Si has therefore been based on the following objectives:
i. Prepare polished Si surfaces on flat, cylindrical and spherical artefacts (the 
polishing process is described Appendix 1). The flat artefacts have been prepared 
with five different crystallographic orientations, namely, ( 1 0 0 ), ( 1 1 0 ), ( 1 1 1 ), (2 1 1 ), 
and (311), and have been analysed with XPS, RBS, AFM and VASE;
ii. Determine the surface morphology of polished Si with AFM. Identify possible 
contamination introduced by the polishing process and investigate cleaning 
methods;
iii. Obtain XPS, RBS and VASE data for the polished flat Si artefacts, and analyse to 
determine;
- surface elemental composition and chemical state from the XPS data;
- possible existence of regions containing sub-surface damage from the RBS data;
- a comparison of the oxide thickness measurements made with VASE, RBS and 
XPS, and if the oxide thickness is correlated with crystallographic orientation;
iv. Obtain GW data from the cylindrical Si artefacts to determine the adsorption 
isotherm for water on polished Si;
V. Obtain an accurate optical model for use with VASE to interpretate its measured
spectra. The complementary data provided by XPS, RBS and GW will be used to 
develop the optical model;
vi. Measure the thickness of the oxide, and any regions containing sub-surface
damage, on the surface of a polished Si sphere with VASE.
1.4 Chapter conclusions
An understanding of the compositional and stmctural differences to the bulk, that define 
the surface of Avogadro silicon spheres, is essential when determining their density. 
Ellipsometry has frequently been used to estimate the thickness of the oxide on the 
surfaces of silicon spheres where it has been assumed that the surfaces are composed 
purely of an amorphous SiOz layer on a crystalline Si substrate. The values of the oxide 
thickness determined with this physical model, however, are significantly greater than 
those attributed to native oxides that form on processed Si surfaces. A question must 
therefore arise as to whether there is a severe failure in the VASE data analysis that leads 
to incorrect values of oxide thickness. Hence, throughout the remainder of this thesis, the 
validity of the model will be assessed.
CHAPTER 2: Silicon, its surface state and adsorption properties 
2.1 Chapter overview
This chapter presents a review of what is understood concerning the surface of single­
crystal silicon, particularly the physical properties that may relate to surfaces that are
formed through mechanical polishing processes. It is emphasised that the vast majority of
our knowledge relates to surfaces that have been prepared for semiconductor processing; 
relatively little has been established concerning unprocessed, polished surfaces which are 
considered ill-defined and thus to be avoided. The new results presented in this thesis 
build on this formulation of knowledge.
The basic physical properties of silicon and its oxidised surface are described, emphasising 
the impact of the growth environment on an oxide structure and the influence of 
crystallographic orientation on growth-rate and oxide thickness. The surface o f a silicon 
sphere is comprised o f many crystallographic planes o f dijfering orientation, whose 
mechanical and chemical pr'operties will vary. Studies concerning the structure and 
composition of the 'ideal' Si-SiOz interface are reviewed and provide evidence of an 
interfacial structure where silicon atoms are coordinated by one, two and three oxygen 
atoms. The mechanisms by which damage may occur to the crystal structure are discussed 
and related to those that are likely to be produced in the near-surface region as a result of 
mechanical polishing. Finally, the processes leading to gas adsorption are described, 
concentrating on the surface uptake of adsorbed water with changing vapour pressure.
2.2 Silicon crystal
Silicon is a Group IV element within the Periodic Table and is classified as a 
semiconductor. It has atomic number 14 with an outer shell electronic structure of 3s  ^3p .^ 
Under normal conditions of temperature and pressure [32] silicon crystallises into a 
diamond lattice stmcture whose unit cell is shown by Figure 2.1. The diamond structure 
belongs to the cubic-crystal family and is created from a face centred cubic (fee) lattice 
with two atoms on the basis at 0,0,0 and Each silicon atom is at the centre of a
tetrahedron (shown as blue in Figure 2.1) and has four nearest neighbours to which it is 
covalently bonded. Each bond is formed by two sp'  ^ hybrid orbitals, which lie within the 
{111} family of crystallographic planes. The lattice constant a is equal to 0.543 nm, 
giving a nearest neighbour distance of 0.235 nm and an atomic volume of 0.020 nm^.
Figure 2.1: Diamond lattice structure of silicon. The 
unit cell contains 8  atoms, whereby each atom is at the 
centre of a tetrahedron (shown as blue)
Figure 2.2 shows the arrangement of Si atoms within the {100}, {110} and {111} families 
of crystallographic planes. The {111} planes are the most close-packed, with a surface 
atomic density of 7.83 x 10 atoms cm‘“, and the Si atoms ‘touch’ along the <110> close- 
packed direction.
Æ
{ 100} { 1 1 0 } { 1 1 1 }
Figure 2.2: Arrangement of Si atoms within the {100}, (110) and {111} families of crystallographic 
planes
The stacking sequence of the {100} planes is AaBbAaBb... where the case distinguishes 
between fee lattices. The {110} planes are stacked ABABAB... where each plane contains 
an equal number of atoms from both fee lattices and the close-packed {1 1 1 } planes stack 
according to the six-fold sequence AaBbCcAaBbCc...
1 0
2.3 Silicon dioxide
2.3.1 Structure of amorphous SiOz
A silicon surface will oxidise when it is exposed to either O? or H2O and forms silicon 
dioxide SiOi. The basic structural unit of SiO? is a silicon atom surrounded tetrahedrally 
by four oxygen atoms [33], and is illustrated by Figure 2.3. The Si0 4  tetrahedra form into 
a bulk material by linking at their comers thereby creating Si-O-Si bonds. Figure 2.3 
shows the formation of a Si-O-Si bond that occurs when two Si0 4  tetrahedra are joined by 
the bridging O atom.
1.6 A
Si
Figure 2.3: Left: the basic structural unit of silicon dioxide is the SiO  ^ tetrahedron whereby each Si atom 
(gold) is surrounded by four O atoms (red). Right; SiO., tetrahedra are linked together by forming an S-O-Si 
bond. The parameters that define the linkage (i.e. a and 5| and 0?) are highly variable.
An important feature of the Si-O-Si bond is its ability to form with large variations in the 
inter-tetrahedral bond angle a and bond torsion angles ôi and 6 2  [34]. It is this flexibility 
that leads to silica being able to form with several different crystalline structures (e.g. 
quartz, tridymite and crystobalite) and an amorphous structure. In the latter case, a may 
vary between 120° and 180° with the peak in its distribution being around 144° [34]. A 
silicon dioxide that forms under ambient conditions (i.e. STP) is referred to as a native
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oxide' and has an amorphous structure. If the oxide composition is SiO? it is referred to as 
being stoichiometric'.
Figure 2.4: Continuous random network structure of amorphous silicon 
dioxide; each Si atom (gold sphere) has 4 bonds and each oxygen atom (red 
sphere) has 2 bonds. Ref source [35]
Amorphous SiO? (a-SiOo) has a very strong ordering of atoms over nearest-neighbour 
distances (i.e. its Short Range Order, SRO); the bond angles around O-Si-O are essentially 
the tetrahedral angle of 109.5°. The disorder begins at the Intermediate Range of Order 
(IRO) that describes the interconnection of the Si0 4  tetrahedra through their Si-O-Si 
bonds. On a scale of many atomic spacings (i.e. Long Range Order, LRO) amorphous 
solids have no ordering. The structures of covalent amorphous materials, such as a-SiOi 
and amorphous Si (a-Si), have been successfully modelled using a continuous random 
network [36,37]. Within this model, each atom has the same number of covalent bonds as 
in their crystalline phase but the amorphous nature of the structure is reflected by the 
random network made by the covalent bonds. An illustrative picture of an a-SiO? structure 
is shown by Figure 2.4. Typically, a-SiOi has a density of 2.21 g cm'^, which compares
' A stoichiometric compound is one in which the ratio of the number of atoms to each other, as determined 
from the atomic weights, is a ratio of small whole numbers.
1 2
with 2.65 g cm'^ for quartz, and reflects the fact that the amorphous phase has a more open 
structure than its crystalline counterpart.
2.3.2 Oxidation process
In general terms, the oxidation of silicon proceeds as an exothermal reaction whereby a 
covalent Si-Si bond is broken by the presence of an oxygen atom and forms an 
energetically stable Si-O-Si bond. In the case of a silicon surface exposed to ambient air 
containing moisture, the oxidant species are O? and H2O and the following reactions are 
possible:
Si O2 —^ 31^2
Si + H 2 O -> Si02 + 2 H 2 ...........................2.1
The initial oxidation process involves the diffusion of the oxidant species to a silicon 
surface, where they undergo adsorption and dissociation [38,39,40] to yield atomic oxygen 
which then reacts to form the stable Si-O-Si bonds [41,42]. After the formation of the first 
few layers, the process of oxidation continues by the diffusion of the oxidant [43] through 
the oxide until the lattice-bound silicon is reached and its reaction to form SiOi [44]. In 
this manner, the Si-SiOi interface moves into the crystal. The transition to a diffusion 
limited process leads to a decreasing growth-rate as the oxide layer becomes thicker under 
constant conditions of temperature and oxidant concentration (see §2.3.4).
2.3.3 Thermal oxides
Typically, high quality oxide layers grown by the semiconductor industry are produced in 
a dry oxygen environment at temperatures of 800°C or greater. This process forms a well- 
defined, stoichiometric oxide and is referred to as a thermal oxide [45]. Thermal oxides 
are also grown in wet oxygen or steam atmospheres which has the benefit of increasing the 
growth-rate (see §2.3.4) but the resultant oxides are less well-defined: not all Si atoms are 
oxidised (i.e. the oxidation efficiency^ is less than 100%) and there is a higher 
concentration of silanol groups (Si-OH) within the oxide [45]. The density of an oxide is
 ^ Oxidation efficiency (%) = 100 x (W2 -W3 ) / (N,; (W 1-W3 )) where W 1 2  and 3  are the masses of the initial 
silicon wafer, the oxidised wafer and the wafer with the oxide removed, respectively. Nsi is the reciprocal 
weight fraction of Si in stoichiometric SiOz (=2.139). An oxidation efficiency of 100% indicates that all the 
Si atoms are oxidised to SiOz
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related to the oxidation efficiency. A higher efficiency leads to a denser oxide structure. 
The density of porous oxides, which contain adsorbed water and Si-OH groups, has been 
reported as some 3-10% lower than those grown thermally [46].
During the final stages of manufacture, the surface of Avogadro spheres are exposed to 
water within the polishing slurry and the resulting oxide might therefore contain Si-OH 
groups and thus have an excess of oxygen atoms compared with a stoichiometric oxide.
2.3.4 Oxide growth kinetics
In 1965, Deal and Grove [43] presented a model for the thermal oxidation of silicon in gas 
(both dry and wet oxygen) for temperatures in the range 700°C to 1300°C and oxide 
thicknesses up to 2000 nm. Their experimental data was interpreted using a linear- 
parabolic equation to predict the oxidation thickness with time, and is given by
^ o x  _  ^ 2.2
dt 2Xqj^  + A
where Xox is the oxidation thickness, t is the oxidation time, and B and B/A are the 
parabolic and linear rate constants, respectively. According to their model, oxide growth 
continues via the diffusion of the oxidant species through the oxide film until its reaction 
with the lattice bound silicon at the Si-SiOi interface. In the early stages of growth, the 
surface reaction is the rate-limiting factor and the oxide thickness increases linearly with 
time. As the oxide becomes thicker (i.e. X qx —» A), and the oxidant must diffuse through 
the oxide layer, the reaction becomes diffusion-limited and the growth becomes 
proportional to the square root of the oxidising time (i.e. a parabolic growth-rate). In both 
regimes, the oxide growth-rate is temperature dependent and varies as exp{-E/kT) where 
Ea is an activation energy and k the Boltzmann constant. In the linear regime, E^ is around 
2 eV, for both wet and dry oxidation, and is close to the energy required to break the Si-Si 
bonds (i.e. 1.83 eY/molecule). For dry oxidation in the parabolic regime, Ea is comparable 
with the activation energy for oxygen diffusion in fused silica, which is 1.2 eV. For wet 
oxidation, E^ is comparable with the activation energy for the diffusion of water in fused 
silica, which is 0.8 eV. Deal and Grove noted that the growth-rate for the initial, very thin 
oxidation regime (i.e. thicknesses below 30 nm) was anomalous with their predictions and
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appeared accelerated. The interpretation was that the initial growth regime includes 
mechanisms other than those summarised by Eqn. 2.2.
During the last two decades, many thermal oxidation processes have relied on the model 
proposed by Massoud et. al. [47,48] where the growth-rate is the sum of two terms; a 
'Dea[-Grove' term that produces linear-parabolic behaviour and an exponential term that 
enhances the growth-rate for thin oxides. Massoud's data show that the kinetic equation 
can be modified to represent these other mechanisms by adding a rate term that is 
exponential in the oxide thickness, giving:
^  = ^ ..........................  2.3
d t  2 % A
The exponential term decays to zero at -25 nm, where the growth becomes pure linear 
parabolic. Various mechanisms have been proposed to explain the enhanced rate, and fall 
into four categories: i) space-charge effects [49,50], ii) oxide-structure effects [51], (iii) 
oxide stress effects [52], and iv) oxygen-solubility in the oxide.
Studies made on oxides grown at room temperature are fewer. Raider et. at. [26] used XPS 
and ellipsometry to measure the thickness of the oxide layer on etched (dilute HF) and 
cleaved silicon surfaces exposed to ambient air at room temperature. The oxide thickness 
exhibited a logarithmic relationship with time, with a growth-rate of 0.24 nm per decade 
(minutes). After about 2 weeks the layer thickness did not increase significantly and it was 
concluded the equilibrium oxide layer thickness on etched and cleaved silicon surfaces 
exposed to air at room temperature and pressure is < 1.4 nm. Also, the observed growth- 
rate was much greater than that extrapolated from the activation energy/temperature 
dependence data for both wet and dry thermal oxidation. Mende et. al. [27] also observed 
a logarithmic relationship with time, and agreed with Raider's value of < 1.4 nm for the 
equilibrium oxide thickness at room temperature.
A study of room temperature oxidation for the technologically important HF etched 
surface was made by Morita et. al. [53], who conclude that a different mechanism is 
responsible for room temperature oxidation compared with thermal oxidation. Growth 
rates were again greater than values predicted from the extrapolation of thermal oxidation 
data. Furthermore, the coexistence of O2 and H2O (or moisture) is required for room
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temperature oxidation in air or pure water, with the former exhibiting layer-by-layer 
growth.
The presence of H2O in the growth atmosphere is known to increase the oxidation rate 
beyond that based on the independent diffusion and reaction of the H2O and O2 oxidant 
species [45]. The role of H2O, introduced as water vapour in the growth atmosphere, has 
been studied for thermal oxidation processes. Iiene and Ghez [54] proposed that H2O has 
two roles: first, as an oxidant and second, by modifying the SiOz-network and thereby 
increasing the diffusion of other oxidant species. In the latter case, H2O acts as a network 
modifier by introducing silanol groups, with their non-bridging oxygen ions, within the 
oxide bulk, which in turn weaken the oxide structure by the formation of nanometre-sized 
pores. Wolters [55] proposes the formation of SiOH groups followed by their hydrolysis to 
form + SiO . The simultaneous diffusion of their reaction products (HsO^ and OH') 
is responsible for the change in oxidation rate.
The growth mechanism of native oxides (grown in the environments of pure water or 
clean air at ambient temperatures) has been studied for chemically cleaned Si(lOO) 
surfaces [53,56] (using dilute HF or buffered hydrofluoric (BHF) solutions). Following 
cleaning, the Si dangling bond is terminated with hydrogen. The bond energy of Si-H 
(70.4 kcal/mol) is significantly large compared with that of Si-Si (42.2 kcal/mol). As a 
consequence, the oxidation curve exhibits plateaus where the thickness apparently 
saturates suggesting a layer-by-layer growth mechanism from the back-bond of the surface 
Si-H bond.
2.3.5 Effect of crystallographic orientation on oxide growth-rate and thickness
Variations in the oxide growth-rate with crystallographic orientation have been reported. 
However, the outcome depends on the surface preparation and ambient growth 
environment. According to the Deal-Grove model [43] the early stages of oxidation, in 
either an O2 or H2 O environment, is surface reaction limited and the thickness of the oxide 
increases linearly with time. The magnitude of the derived linear rate constant^ will 
depend on the crystal orientation. This is because the rate constant is related to the rate of
 ^ linear rate constant = k*Co/C, where k is the surface reaction rate constant for oxidation and Co and C, are 
the concentration (molecules/cm^) of the oxidising species at the oxide surface and within its bulk, 
respectively.
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incorporation of silicon atoms into the oxide network, which in-turn depends on the 
density of Si atoms. Subsequent growth rates in the parabolic regime do not exhibit 
dependence on crystal orientation, which is expected for a diffusion process of an 
oxidising species through a layer of amorphous SiOi. In Deal and Grove's work on 
thermally grown oxides, under a given oxidation condition, the oxide layer formed on a 
(111) substrate was thicker than that on a (100) substrate. This result was substantiated by 
Taft [57] who used an ellipsometer to monitor the growth-rate of thermal oxides that are 
grown in dry O2 on (100) and (111) substrates, and by Massoud [47].
In contrast, the growth-rate of native oxides in pure water has been studied on HF treated 
surfaces terminated with Si-H bonds [58]. The growth-rate was found to be fastest for the 
(100) surface, followed by (110) and (111) surfaces. Two reasons are suggested. Firstly, 
the Si (111) surface has fewer reactive sites such as atomic steps or microfacets. The other 
is due to atom void size of the three orientations, with the (100) being greatest. It is 
important, however, to distinguish between oxide growth-rate and final equilibrium 
thickness, particularly for native oxides which are formed at room temperatures. This issue 
is explored later in this thesis.
Measurements of the native oxide thickness on the surface of a polished Avogadro sphere 
using ellipsometry reveal an average oxide thickness of 7.4 nm, 8.5 nm and 9.4 nm for the 
<100>, <110> and <111> directions, respectively [23]. The cause of the variation was 
unknown at the time, but the authors have since speculated that the variation could be 
related to the temperature generated by the polishing process. Such a mechanism could be 
explained by the fact that the Young's modulus E increases from the <100> to the <110> 
to the <111> directions, and more physical work therefore has to be done to pull an atom 
away from the surface as E increases (surface energy of fracture [19]). This might result in 
a variation in temperature generated by the polishing process that is dependent on the 
crystal orientation, and as a consequence, cause a variation in the oxide thickness.
2.4 Si-Si02 interfacial region
Studies of thermally grown oxides have revealed the presence of an interfacial region 
whose compositional, physical and chemical structure are different from that of bulk oxide 
and Si. The compositional transition from Si to Si02 has been shown to occur through a
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region of intermediate oxidation states or sub-oxides, i.e. interfacial silicon atoms bound to 
one, two, or three oxygen atoms, which are referred to by their oxidation states S i '\  Si^  ^
and Si^ ,^ respectively. Layers with differing physical structures are formed on both sides 
of the interface to relax stress near the interface. Physical changes are correlated to 
deviations of the Si-O-Si bond angle from that of bulk SiOz on the oxide side of the 
interface. Chemical structural transitions arise as a result of charge transfer from the Si 
substrate to silicon oxide.
2.4.1 Compositional transition
A compositional transition at the interfacial region is required to facilitate the change from 
Si in the substrate to SiO? in the bulk. An important boundary condition at the Si-SiO? 
interface is the density mismatch of Si atoms; the density of Si atoms in the SiO? lattice is
2.2 times lower than that in Si [59]. Differing physical models have been developed to 
describe the transition for an idealised interface, that is, one that consists of a perfectly 
truncated Si surface, for the crystallographic planes {100} and {111}.
Figure 2.5: A truncated Si(IOO) surface. Three successive planes 
in the bulk crystal structure are shown (circles of different shades 
of red represent atoms on different levels). Cleaving a crystal along 
a ( 1 0 0 ) plane leaves the surface atoms with only two bonds intact 
and the other two dangling (shown as blue).
Si atoms at a truncated (100) surface have two broken bonds as shown by Figure 2.5. For 
an atomically abrupt interface, each Si atom would bond with two oxygen atoms, creating 
an interface consisting of only Si“^  oxidation states. Pantelides presented a model for such 
an interface, in which a full monolayer of Si"* atoms is connected to an amorphous SiO? 
network [60]. An assumption, however, of Pantelides' model is that each interfacial Si
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atom is attached to the SiOz network, which leads to a dense oxide structure in the vicinity 
of the interface. An epitaxial model was proposed by Herman [61], which considered the 
density difference between SiOz and Si. Herman's model uses a diamond-like structure of 
SiOz, which is obtained by straightening the Si-O-Si bonds in the p-crystobalite structure. 
A rotation of the [100] face of the crystalline SiOz by 45°, with respect to the [100] Si 
substrate, creates the maximum amount of bonds. The bond density across the interface 
changes by a factor of two, which means only half of the atoms at the Si(lOO) surface are 
connected to oxygen in SiOz. The unattached Si atoms face onto cavities in the adjoining 
SiOz region, making it possible for species such as O, H and OH to find their way to the 
unsaturated Si atoms. The distribution of oxidation states expected at such an interface is 
0.5-1.0 monolayer of Si^* and 0.5-0.0 monolayer of Si'*. An alternative method of 
compensating for the density mismatch is to connect only one of the two broken bonds of 
the Si surface atoms to SiOz [62]; the remaining bond then pairs up with a neighbouring Si 
atom, as formed in a Si(lOO) 2 x 1 reconstmcted surface. All these atomically abrupt 
interface models give only Si^* and Si'* as intermediate oxidation states.
The bond topology of the S i( l l l )  surface is characterised by a double-layer structure, 
where layers with one broken bond alternate with layers with three broken bonds. An ideal 
abrupt interface would consist of Si'* or Si^* oxidation states. The layer with one broken 
bond gives the right bond density for attaching to SiOz. Strain calculations [63] support a 
simple bond counting argument giving less strain energy for the abrupt (111) interface 
than for the abrupt (100) interface. Evidence of an abrupt Si(l 1 l)-SiOz interface has been 
obtained with ion beam channelling [64] where the oxide was found to be stoichiometric 
to within one monolayer of the interface. Conversely, evidence of non-abrupt interface 
was provided by Himpsel [59]. In this work, core-electron spectroscopy was able to 
identify the presence of all three sub-oxides for both (100) and (111) crystallographic 
orientations, including a large Si^* component that would create a high bond density if the 
interface were abrupt. His conclusion was a region containing sub-oxides extending over 
two monolayers with Si^* protmsions in the silicon lattice, for both crystallographic 
orientations. Both orientations showed remnants of a crystallographic dependence. In a 
more recent study, XPS has also identified the presence of Si'* and Si^* sub-oxides at the 
SiOz-Si (111) interface for oxides grown in dry Oz at 800°C. The conclusion was an 
abrupt transition through a monoatomic step of sub-oxides [65].
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2.4.2 Physical structural transition
Structural transition layers are formed on both sides of the interface [66]. These layers 
form to relax stress near the interface that is produced by two effects: 1) difference in 
expansion coefficients of Si and SiOz [67]; and 2) increase in the Si-to-Si distance by the 
insertion of an O atom in the Si-Si bond. Because of the relative elastic constants of Si and 
SiOz, one would expect most of the associated stress to be relieved by lattice relaxation in 
the SiOz region [68]. Ion beam channelling [64] has shown a vertical displacement of two 
atomic layers of Si next to the interface. The existence of a structural transition layer on 
the oxide side of the interface has been confirmed by the change in etching rate of the 
oxide (formed by oxidation at 1000°C in 10% dry Oz and 90% dry nitrogen) near the 
interface [69], and was found to extend out to approximately 5 nm from the interface. A 
study on thermally grown oxides by Infrared Spectroscopy has provided a depth profile of 
infrared absorption arising from stretching vibration of Si-O bonds near the interface [70]. 
A decrease in the peak wave number and an increase in full width at half maximum were 
observed as the oxide film was etched back to less than 5 nm. This corresponds to a 
decrease in the average Si-O-Si bond angle and a broadening of the bond angle 
distribution, respectively, and shows the bond strain increases as the interface approaches.
2.4.3 Chemical structural transition
A chemical structural transition takes place that is due to charge transfer from the Si 
substrate to the oxide, which results from the difference between the electronegativity of 
Si and O atoms. Such a charge transfer will produce an electric dipole at the interface, the 
moment of which will be dependent on the atomic density of the Si layer and is therefore 
dependent on the crystal orientation. The variation in the chemical shift'' has been studied 
as a function of oxide thickness using XPS for the (100), (110) and (111) surfaces [69]. An 
increase in the chemical shift out to around 3 nm was observed, thereafter remaining 
constant, and was attributed to the effect of electrostatic screening on energy positions of 
electron spectra near the Si-SiOz interface. The observed chemical shift of the (111) 
orientation, however, was always less than that of the (100) and (110) orientations, and is 
correlated with the charge transfer from an atom to its neighbouring atom as a result of the 
difference in the electronegativity between Si and O atoms.
The term chemical shift describes the difference in the binding energies between Si"*^  and Si° spectrum 
determined by XPS.
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2.5 Sub-surface damage
2.5.1 Crystal defects
The removal of material through a physical polishing process will involve a variety of 
mechanisms that include elastic and plastic deformation, as well as fractures to the crystal 
lattice depending on the fineness of the polishing [71]. Although material is removed from 
the surface, crystal damage will take place beneath the surface. Any deviation in a crystal 
from a perfect periodic lattice is considered to be an imperfection, and may impact on a 
sphere's measured volume if the physical properties of a region containing imperfections 
differ significantly from that of the bulk crystal (§1.2.4).
Crystalline imperfections are classified into four categories according to their geometry, 
which are: 1) zero-dimensional or 'point' defects (i.e. atomic sized defects), 2) one­
dimensional or 'line' defects, 3) two-dimensional or 'area' defects, and 4) three-dimensional 
or 'volume' defects [72]. Figure 2.6 demonstrates various lattice defects in a two- 
dimensional representation of a cubic primitive crystal. Intrinsic point defects are either 
vacancies or self-interstitials. A vacancy is formed by the removal of an atom from its 
atomic site and a self-interstitial by the insertion of an atom at a non-lattice site. Extrinsic 
point defects, involving impurity atoms, are either substitutional or interstitials. A 
substitutional defect is formed by the presence of an impurity atom on a lattice site. 
Vacancies and self-interstitials can be produced in materials by the process of plastic 
deformation. They are also present by virtue of temperature, and for all temperatures 
above 0 K there exists a thermodynamically stable concentration^. Extrinsic point defects 
may be introduced from the ambient conditions at the time of crystal growth or polishing.
Line defects are termed dislocations and are discussed in the following section. Stacking 
faults are area defects and correspond to regions of the crystal where the natural stacking 
order of planes and atoms has been disrupted. For example in silicon the {111} planes 
have a normal stacking order AaBbCcAaBbCcAa.... An intrinsic stacking fault is where 
the order corresponds to a missing plane from the lattice, e.g. AaBbCcAaBaAaBbCcAa... 
while an extrinsic stacking fault is described as if an extra plane existed in the lattice, e.g.
■*’ The equilibrium fraction »gq of defects is given by n ~  e x p ( E f ) where is the total number ofeq
atomic sites, k is Boltmann’s constant and is the energy of formation of one defect.
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AaBbCcAaBbBbCcAa.... Grain boundaries are area defects that manifest as the mismatch 
surface between grains in polycrystalline materials. Volume defects include precipitates, 
usually an agglomeration of impurity atoms, and voids.
Figure 2.6: Types of lattice defect: a) interstitial impurity atom, b) edge dislocation, c) self­
interstitial atom, d) vacancy, e) precipitation of impurity atoms, f) vacancy type dislocation loop, 
g) interstitial type dislocation loop, h) substitutional impurity atom. Ref. source [73]
2.5.2 Dislocations and the Burgers vector
Deformation of a crystal may occur by the slip of planes of atoms over each other. The 
transition from slipped to non-slipped regions represents the dislocation and makes it 
possible for the material to deform plastically. The motion of a dislocation involves the 
shift of a small number of atoms, or planes of atoms, rather than the simultaneous 
movement of all the atoms at the same time. Burgers [74] described the dislocation 
mechanisms as being an edge, screw or a mixture o f both. An edge dislocation may be 
perceived by the introduction of an extra lattice plane inserted into the crystal, but not 
extending through the crystal but ending in the dislocation line. This is shown in Figure 
2.7 for a cubic primitive lattice. As such, a dislocation is a one-dimensional defect, as the 
lattice is only disturbed along the dislocation line and can be described at any point by a 
line vector. In Figure 2.7 the direction of the line vector is normal to the page. Dislocation 
lines can end at the surface of a crystal and at grain boundaries, but never inside a crystal. 
Thus, dislocations must either form closed loops or branch into other dislocations.
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Figure 2.7: An edge type dislocation shown in 
a primitive cubic crystal. Ref. source [73]
Plastic deformation in a crystal can occur through the movement of a dislocation, 
demonstrated by Figure 2.8 for an idealised case. Dislocations will move under the 
influence of external stresses. As a critical shear stress is reached, the dislocation starts 
moving and deformation is no longer elastic but plastic. The dislocation line moves on its 
glide plane and produces, upon leaving the crystal, an elementary step on the crystal 
surface. For macroscopic deformation, many dislocations have to move through the 
crystal.
■a -o
Figure 2.8: Movement of a dislocation through a crystal under an external stress o. In this example, the 
glide plane lies in the direction of the applied force and is perpendicular to the plane of the paper. Ref. 
source [73]
The direction of the slip is denoted by the Burgers vector b and, if this is an integer 
multiple of a, the lattice parameter, the dislocation is called a perfect or unit dislocation; if 
b is less than a it is a partial dislocation.
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Figure 2.9: Burgers vector b for an edge type dislocation. Ref. source [73]
Figure 2.9 demonstrates how a Burgers vector h is constructed. First, a closed circuit is 
made from lattice point to lattice point that encloses the dislocation (left figure). The same 
circuit is made for a perfect lattice; it will not close (right figure). The vector needed to 
close the circuit in the perfect crystal is known as the Burgers vector b. For an edge 
dislocation b is perpendicular to the dislocation line. The second type of basic dislocation 
is called a screw dislocation Figure 2.10. The Burgers vector for a screw dislocation is 
parallel to the line direction. Both screw and edge dislocations represent extreme cases; 
most dislocations are comprised of a mixture of these two forms.
Figure 2.10: Screw type dislocation. The Burgers vector is 
parallel to the dislocation line. Ref. source [73]
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2.5.3 Amorphous damage
When the local density of plastic deformation is high, the nature of the crystal - defined in 
terms of an ordered lattice of atoms - becomes ambiguous. Polishing of silicon is known to 
produce regions where the crystal becomes amorphised (details will be presented in 
§2.5.4). In the case of polishing, as with other forms of contact such as indentation, 
scratching or grinding, the material at the surface of contact becomes plastically 
redistributed. Melting of a crystal followed by rapid quenching results in solidification in a 
non-equilibrium phase that is amorphous, for example amorphous metals produced in a 
glassy phase by ‘splat quenching’.
The presence of amorphous regions resulting from polishing may be significant for 
Avogadro spheres. Both the physical density and optical properties of amorphous silicon 
are known to be different from its crystalline form [25]. This may create errors when 
measuring a sphere's diameter and the thickness of its surface films (see §1.2.3) if the 
measurement techniques are sensitive to a material's optical properties (as with 
ellipsometry). Furthermore, the same may be true of any disturbed region where the 
dislocation density is high.
2.5.4 Dislocations and amorphous damage in silicon
The slip plane is normally the plane containing the highest density of atoms, and the 
direction of slip is in the direction in which the atoms are most closely spaced*  ^ [72]. Thus, 
in silicon, slip occurs on (111) planes along the three <110> directions that lie within the 
slip plane (giving a total of twelve {111 }<110> slip systems) and are described by the 
Burgers vector i/2<110>. As each of the <H 0> directions is contained in two {111} 
planes, cross-slip may occur where the slip of material changes from one (111} plane to 
another with the same Burgers vector; this is usual only when slip bypasses an object such 
as an interstitial.
Stickler and Booker [75] found that dislocations could be created in a surface layer in 
silicon by the action of fine diamond abrasives (0.25 pm). Sharp corners of the particles 
contact the surface and intermittent stresses are applied to the surface. When the abrasion
 ^The existence of distortion around a dislocation implies that a crystal containing a dislocation has an extra 
strain energy E and is proportional to Gb ,^ where G is the shear modulus and b is the Burgers vector.
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occurs on a slip plane and along a slip direction, the stress can be relieved by the 
formation of dislocations with axes along <110> directions. When the abrasion occurs on 
a slip plane but far from the slip direction, the stress cannot be easily relieved and results 
in surface chipping and cracking. For fine particles, they suggest that material is removed 
by rubbing away extremely small particles, the process being aided by the strains in the 
surface arising from the large number of dislocations introduced. As the particle size is 
increased, the stresses applied to the surface become greater, and surface chipping and 
cracking can now occur for all abrasive directions. The contact area between the particle 
and the surface is also increased and the damage tends to occur in bands, mainly 
comprised of dislocation networks and cracked material.
Johansson et. al. [76] confirmed the presence of dislocation loops of 16<110>[ 111] type in 
Si using cross-sectional TEM to study the effects of polishing with diamond pastes with 
particle sizes ranging from 0.25 to 6 pm. No dislocations were seen when a commercial 
polishing medium Synton HT 50, which is comprised of a colloidal solution of SiOi 
particles of about 0.1 pm in size, was used. Two mechanisms of mass removal are 
suggested: I) ‘smearing’ of very superficial material at nearly the atomic level, resulting in 
amorphous aggregates; and 2) strongly localised plastic cutting or shearing. In mild 
polishing, both mechanisms are active, with the latter becoming progressively more 
dominant for increasing particle size. Zarudi and Zhang [77] concluded the depth of the 
damaged region resulting from fine abrasives (1 pm aluminium oxide) is 1.5 pm.
An amorphous region was reported by Puttick et. al. for machined specimens of single­
crystal silicon [78]. Brittle materials such as glasses, ceramics and semiconductors may be 
machined in a ductile manner provided the depth of cut is restricted below a critical value 
for crack initiation predicted by energy scaling [79]. The critical depth of cut for silicon 
was found to lie between 0.5-0.8 pm [80]. Two techniques were employed: 1) precision 
grinding using a diamond abrasive wheel, and 2) single-point diamond turning. For 
diamond grinding, the sizes of the bonded diamond abrasives were in the range 3-6 pm 
and a Roughness Average^ R^of 11 nm was achieved. For diamond turning, the depth of 
cut was restricted to around 0.12 pm and the value of Ra was 0.5 nm. TEM was used on 
cross sections of the machined specimens to investigate damage.
’ Roughness Average (also known as the arithmetic mean deviation of the profile) is defined as the 
arithmetic mean of the absolute values of the departures of the profile from the mean line.
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Both the ground and turned specimens had permanent damage to the Si lattice, extending 
to depths in the range 0 .1 to 0.4 pm. For the ground specimens, the maximum depth of cut 
had exceeded the critical value for fully ductile machining, so that sub-surface brittle 
fracture had occurred. The damage consisted of regions of well-defined dislocation loops 
on several slip systems, regions with a high density of irregular dislocation arrays, and 
micro-cracks and patches of amorphous silicon. An explanation for the presence of 
amorphous material is that frictional heating, generated by the passage of abrasive 
particles, has caused local melting followed by rapid quenching of the liquid. For the 
turned surfaces, the damage was more homogenous, consisting of arrays of dislocation 
loops predominantly on a single slip system. The proposed mechanism of material 
removal is the extrusion of plastic material (heavily sheared) ahead of the tool.
(a) (b)
Figure 2.11: (a) Two-body contact sliding of surfaces with asperities; (b) three-body contact 
sliding of surfaces with free particles
The transition to an amorphous phase is known to happen at room temperatures for silicon. 
Studies made with nano-indentation techniques concluded the formation mechanism in the 
nano region was due to compressive (hydrostatic) stress [81,82,83]. The onset of the 
amorphous phase transformation is known to occur under lower hydrostatic stresses if 
shearing stresses are also present, such as those occurring during indentation, scratching 
and polishing [84]. Zhang and Tanaka [85] made a study of the deformation of silicon 
mono-crystals subjected to two and three-body contact sliding mechanisms which are 
depicted in Figure 2.11. Three-body contact sliding was produced on a precision polishing 
machine with a slurry of foreign particles, and is analogous to the processes used in the 
present study. Unfortunately, details of the particulate size were not provided.
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In their study they conclude the wear of crystalline silicon at the nanometre scale is due to 
the deformation via viscous flow within the amorphous layer; dislocations are not needed 
for material removal at this scale and deformation via amorphous phase transition is 
energetically more favourable. The onset of the amorphous phase transition was predicted 
by considering an octahedral stress model 186]. Both processes were found to leave 
behind an amorphous layer with dislocation loops extending below this region into the 
crystal. Partial re-crystallisation of the a-Si layer occurs behind the particle/asperity from 
the bottom of the layer to the surface. In three-body contact sliding the amoiphous layer 
may completely disappear when the penetration depth is kept below a few nanometres. 
Micro-cracks were found to form when the penetration depth exceeded around 0.76 pm, 
which is comparable with the critical value for crack initiation determined for machined 
samples 179,80].
The final polishing stage employed when fabricating Avogadro spheres uses a colloidal 
suspension of silica particulates with an average size of 0.05 pm (described in Appendix
1). From the evidence presented by Johansson et, a l [76] and Zhang and Tanaka [85], the 
possibility of creating an amorphous region seems high.
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2.6 Surface adsorption
2.6.1 Adsorption of gases and vapours on a solid
The process of gas adsorption is usually divided into two classes, namely physical and 
chemical adsorption (also known as physisorption and chemisorption) [87], which reflects 
that adsorptions can be thought of as having physical forces that hold gas molecules to a 
solid or of having chemical bonds. The physical adsorption of a gas on a surface is due to 
the electrostatic forces that exist between the gas and surface (i.e. substrate) molecules, 
and are similar to the van der Waals forces (i.e. dispersion and dipole-dipole interactions) 
involved in liquefaction and hydrogen bonding [88]. These intermolecular forces arise 
from the dipole-dipole interactions between these molecules, which have either induced or 
permanent dipole moments. As such, there is no significant redistribution of electron 
density in either molecule and the adsorption process is reversible, with the adsorbate 
being removable by lowering the ambient pressure. As there is no activation energy 
involved in the process, the attainment of adsorption equilibrium is relatively rapid. 
Physical adsorption occurs only for gases below their critical temperature (i.e. for vapours) 
and the heats (i.e. enthalpies) of adsorption are of the order of the heats of vaporization.
In contrast, chemisorption may be rapid or slow and may occur above or below the critical 
temperature of the adsorbate. The energy of adsorption is large enough to suggest that full 
chemical bonding has occurred, which involves a substantial rearrangement of electron 
density between the adsorbate and substrate molecules. The nature of this bond may lie 
anywhere between the extremes of completely ionic or covalent in character. Table 2-1 
provides a summary of the typical characteristics associated with the two classes of the 
adsorption process.
2.6.2 Adsorption isotherms
The amount of molecules adsorbed by a surface is dependent on temperature and the 
pressure of the gas. The most common adsorption experiment is the measurement, for a 
given amount of adsorbent, of the relation between the amount of gas adsorbed and the 
pressure of the gas. Such measurements are made at a constant temperature and the results
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presented as an adsorption isotherm. Experimentally, one either measures the volume of 
gas taken up by a given amount of adsorbent or the change in mass of the adsorbent when 
it is exposed to a gas at different pressures. The latter has been used in this study to 
determine the adsorption isotherm for polished silicon by gravimetric weighing (details 
will be presented in §3.3).
Table 2-1: Main characteristics of the physical adsorption and chemisorption processes
Physical adsorption Chemisorption
Temperature range over 
which adsorption occurs
Near or below the condensation 
point of the gas
Virtually unlimited but a given molecule 
may adsorb over a small range
Adsorption heat Typically 5 to 40 kJ m of‘ (i.e. heats of vaporization)
Wide range, related to the chemical bond 
strength ~ 40 to 800 kJ mol '
Nature of adsorption Non-dissociative, reversible Often dissociative, may be irreversible
Saturation uptake
Multilayer adsorption possible. 
Amount of adsorption more a 
function of adsorbate
Limited to one monolayer, at most. 
Amount of adsorption characteristic of 
both adsorbate and substrate
Kinetics of adsorption Fast, since it is a non-activated process Very variable, often an activated process
Five different types of adsorption isotherm have been identified, and classified, by 
Brunauer at. al. [89,90]. Their characteristics are illustrated by Figure 2.12. Type I is a 
Langmuir type isotherm (details will be presented in §2.6.2.1) and is obtained when 
adsorption is restricted to a monolayer. Chemisorption isotherms approximate to this 
shape. Type II isotherms are common in the case of physical adsorption and represent 
multilayer adsorption on non-porous solids. Point B on the curve is taken to represent the 
formation of an adsorbed monolayer, with the remainder representing multilayer 
adsorption. When the gas pressure reaches the saturation vapour pressure Pq the adsorption 
isotherm would ascend vertically as condensation occurs. Type III isotherms are relatively 
rare and occur when the heat of adsorption is equal to or less than the heat of vaporization 
of the adsorbate (i.e. there is no significant chemisorption). Types II and III are closely 
related to Types IV and V, only in the latter cases maximum adsorption is attained at a 
pressure lower than the saturation vapour pressure of the gas. This relates to capillary 
condensation phenomena in porous solids, with the upper limit of adsorption governed by 
the total pore volume.
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Figure 2.12; The five types (I-V) of adsorption isotherm as classified by Brunauer-Emmett-Teller, V'ads is 
the volume of the adsorbed gas, P is the gas pressure and Pq is the saturation vapour pressure. Point B on the 
type II isotherm represents the formation of an adsorbed monolayer
2.6.2.1 The Langmuir isotherm
A model for the adsorption process, and particularly the chemisorption process, was 
presented by Langmuir in 1918 [91], and is based on the following assumptions:
1) a surface is uniform with equivalent adsorption sites,
2) only a single molecule may adsorb at each site,
3) heat of adsorption is independent of the occupancy of neighbouring sites.
Langmuir considered the surface to consist of a certain number of sites S of which are 
occupied and Sq ~ S - S[ are free. The rate of evaporation is taken to be proportional to 
(~kiS\) and the rate of condensation proportional to the bare surface So and the gas
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pressure P {^kiPSo). The Langmuir isotherm is derived by equating the rates of 
evaporation and condensation when the surface coverage and gas pressure are in 
equilibrium and is given by:
0 = bP 2.4l -^bP
where 0= Si/S  and is the fraction of the surface that is covered, and b = k j /  k\, the ratio of 
the rate constants. Figure 2.13 illustrates the dependence on pressure of the Langmuir 
isotherm. At a given pressure, the amount adsorbed is determined by the value of b, which 
in turn is dependent upon both the temperature and the heat of adsorption.
II
30) Increasing b; decreasing temperature
Pressure, P
Figure 2.13: Variation of surface coverage with pressure as predicted 
by the Langmuir isotherm
Alternatively, ^can be replaced by V/Vm, where V is the volume of gas adsorbed per unit 
mass of adsorbent, and Vm is the volume of gas required to cover unit mass with a 
complete monolayer. Eqn. 2.4 can be expressed in its linear form:
1 p+bv^ y 2.5
The most noticeable shortfall of the Langmuir equation concerns the simplifying 
assumption that the heat of adsorption is independent of surface coverage, which is not 
usually the case, and b cannot be regarded as a constant with respect to surface coverage.
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2.6.2.2 The BET isotherm
As the forces acting in physical adsorption are similar to those operating in liquefaction 
(i.e. van der Waals forces) then physical adsorption is not limited to a monomolecular 
layer but can continue until a multi-molecular layer of liquid covers the adsorbent surface. 
The theory of Brunauer-Emmett-Teller [89] is an extension of the Langmuir treatment to 
allow for multilayer adsorption on non-porous solid surfaces, and is again derived by 
balancing the rates of evaporation and condensation for the various adsorbed layers. The 
Langmuir equation is assumed to apply to the formation of each layer but with the added 
postulate that the heat of adsorption Qi applies to the first monolayer (i.e. the strength of 
the binding to the solid surface), while the heat of vaporization (2v applies to the 
adsorption in the second and subsequent molecular layers. The entire adsorption process 
(as illustrated by Figure 2.14) can be described as: 1) the attachment of molecules to sites 
on the solid surface; and 2) the attachment of molecules to sites already occupied by 
adsorbed molecules.
2nd Layer L a y e r.^
3rd Layer
1sl Layer
SURFACE
Figure 2.14: Two types of adsorption site that are the basis for 
the derivation of the BET isotherm
The BET equation is usually written with the form:
^   2.6
where Cb is an empirical constant and % = P/Pq- The value of Cb approximates to
SQ,-Qy)lRT
For adsorption that includes chemisorption, Cb has a value greater than 1. The BET 
equation was derived to predict multilayer adsorption on non-porous surfaces and covers 
the first three isotherms (i.e. types I to III) shown in Figure 2.12. Thus for large values of
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Cb (i.e. Qi »Qv) it reduces to the Langmuir equation, and for small values of Cb / j, type 
III isotherms result. Figure 2.15 shows the impact on the adsorption isotherm of changing 
the relative strength of the heat of adsorption of the first layer to that of the heat of 
vaporization.
V/V
5
4
3
n
2
c=lOOO
T=lc= 1 01
0
0.2 0.4
P/Po
0.6 0.8
Figure 2.15: BET adsorption Isotherms. A type III isotherm 
occurs when c is ^ i. As c increases, the isotherm changes to 
a type II followed by a type I
2.6.3 Adsorption studies on silicon and related surfaces
Adsorbed water may be present on the silicon surface in molecular form or it may 
dissociate, with the products OH, H and O, depending on the initial surface preparation 
and the water vapour pressure [40]. Furthermore, the dissociation of water may be 
reversible or irreversible, depending on the thermodynamics of the system (and kinetics 
under UHV conditions). In the reversible case, water dissociates but thermodynamics 
favours the recombination of its products to liberate water, giving the reaction pathway:
+ ^(o) {reversible dissociation)
Here the subscript a denotes an adsorbed product and g is in gaseous form. For irreversible 
dissociation it becomes thermodynamically favourable for other pathways to occur, the
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most common being surface oxidation (where the strength of the substrate-O bond is 
greater than the O-H bond):
^ 2 ^(a) ^^{a) + ^(a) ^{a) + ^ 2(j?) {irreversible dissociation)
This leads to the general observation that reversible water dissociation is observed on 
oxide surfaces, while irreversible behaviour is observed on metal and semiconductor 
surfaces. Studies made under UHV conditions [92,93] (i.e. at water vapour pressures less 
than 1 0 ^ mbar) have confirmed that water is adsorbed at a bare silicon surface through an 
irreversible dissociation process and leads to the formation of one monolayer of oxide. 
With increasing water vapour pressure, the kinematic limitations that existed at UHV 
pressures no longer apply, and the surface processes of oxidation, hydroxylation, 
dissolution and wetting are observed [40]. On a fully formed amorphous silica surface, 
water at room temperatures will react with the dangling bonds of the siloxane (Si-O-Si) 
surface, leading to a surface that becomes covered with silanol groups (i.e. hydroxylated) 
[92,94]. Molecular water may then be physisorbed on the silanol surface as demonstrated 
by Figure 2.16. The heat of vaporization of water has been determined as 40.7 kJ mole ' 
[95] of which 10 kJ mole ' is estimated to arise from the dispersion force and 30.7 kJ 
mole ' from the hydrogen bond [96].
Figure 2.16: Two silanol groups (red) have
formed; an H^ O molecule (blue) has been adsorbed 
by forming two hydrogen bonds (broken lines)
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Studies of water adsorption on polished metal surfaces [97,98] over an h range of 0% to 
80% are well described using either type II or III BET isotherms for multilayer adsorption; 
the distinction between the two categories of isotherm is dependent on whether the surface 
is hydrophilic (type II) or hydrophobic (type III) with the latter obtained on contaminated 
surfaces. The case for a single-crystal is more complicated due to the variation in the 
number of adsorption sites that exist between different crystallographic orientations. Water 
adsorption on silicon at 300K was modelled for plane surfaces cut in different 
crystallographic directions [99]; the hydroxyl density was found to vary from 4.5 to 13 
OH/nm^ and was dependent on the number of adsorptions sites available for bonding. The 
calculated isotherms exhibited different behaviour depending on their hydroxyl density, 
with the general trend of a higher affinity to water for surfaces with higher hydroxyl 
densities, i.e. type II isotherms were observed at higher hydroxyl densities, whilst type III 
occurred at low density. The heats of adsorption were characteristic of hydrophilic 
surfaces and ranged from 44 kJ/mol to 67 kJ/mol.
Ellipsometry has been used to determine the thickness of adsorbed water layers on Si(lOO) 
and S i( l l l )  surfaces [100] as the relative humidity was varied from 0 to 70%, at a 
temperature of 20°C. The experimental results were interpreted using molecular orbital 
MO calculations in which it is assumed that adsorption will take place on the Si atom that 
has a dangling bond. The resulting isotherms were accurately described by the BET 
equation for limited adsorption layers. In the monolayer regime, water molecules were 
found to adsorb more strongly on S i( l l l)  than on Si(lOO), and were not desorbed from 
Si(l 11) when the water vapour pressure reduced to 0.1 Pa. In contrast, the Si(lOO) surface 
readily went on to form a bi-layer, whilst the ( 1 1 1 ) surface was restricted to a monolayer 
even up to a relative humidity of 70%. MO calculations were consistent with the 
experimental results. On both surfaces in the monolayer region, the energetically 
favourable route is for dissociative adsorption to OH and H. But adsorption energies are 
lower for Si(lOO), yielding -14 kJ/mol compared with -217 kJ/mol for S i( lll) , and the 
adsorption of molecular water is also possible on Si(lOO). In the bi-layer regime, it is 
found that the Si(lOO) has a greater affinity toward the adsorption of molecular water.
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2.7 Chapter conclusions
The following components may be encountered on the surface of silicon spheres that have 
undergone mechanical polishing and are subsequently stored under ambient conditions: 1 ) 
adsorbed contamination, e.g. water, and its dissociated products, and organic material; 2 ) 
an amorphous oxide; 3) a sub-oxide region at the Si-SiO] interface; and 4) damage to the 
silicon lattice at this interface. The depth of these structures (i.e. their layer thickness) may 
range from a few tenths of a nanometre, as anticipated in the case of a sub-oxide region, to 
potentially several tens of nanometres for a region containing sub-surface damage.
The significance of a sub-oxide region is that its refractive index may be different from 
that of a bulk amorphous oxide and affect the interpretation of spectra measured with 
ellipsometry. The same argument would apply to a region containing damage to the silicon 
lattice, whose optical constants may vary significantly from that of bulk crystalline silicon. 
An overlayer of adsorbed contamination is likely to be impossible to differentiate from 
that of an amorphous silicon dioxide through the interpretation of ellipsometry spectra; 
both are transparent materials with similar values for their refractive index.
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CHAPTER 3: Analytical techniques used for surface characterisation 
3.1 Chapter overview
A review was given in Chapter 2 identifying the components that may be found on the 
surface of silicon single-crystal artefacts that have been formed by a mechanical polishing 
process. This chapter describes the analytical techniques that have been used to identify 
and characterise these components, and starts by stating the advantages of employing 
techniques that are able to provide complementary information. The techniques used in 
this study are Gravimetric Weighing (GW, §3.3), Variable Angle Spectroscopic 
Ellipsometry (VASE, §3.4), Rutherford Backscattering Spectroscopy (RBS, §3.5), X-ray 
Photoelectron Spectroscopy (XPS, §3.6) and Atomic Force Microscopy (AFM, §3.7).
3.2 Complementary techniques
Several key questions arise concerning the surface of polished Avogadro silicon spheres, 
such as: 1) Is there damage to the Si lattice in the near surface region, and if so, what is its 
structure and thickness? 2) Are contaminants adsorbed on the surface and what is their 
composition and thickness? 3) What is the composition of the oxide (i.e. SiOx) and its 
thickness?
There is no single analytical technique that is capable of answering these questions. Also, 
on this scale of measurement, both in terms of the relative quantities of the elements 
present and their thickness, most analytical techniques involve a process whereby certain 
assumptions are made regarding the physical properties of these extremely thin regions, 
which are usually based on properties determined from materials in their bulk (e.g. optical 
constants, stoichiometry or atomic density may need to be assumed). It has therefore been 
necessary to use more than one technique to characterise the surface of artefacts prepared 
for this study. The use of complementary methods is also good practice and enables the 
quantitative comparison between results when two or more techniques can determine the 
same parameter. Table 3-1 lists the techniques that have been used in this research and the 
relevant physical properties that can be measured by each.
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Table 3-1: Physical parameters capable of being measured by each technique
Physical parameter VASE RBS XPS GW AFM
Surface topography
Adsorbed overlayer composition /
Adsorbed overlayer thickness / /
Adsorption coefficient
Oxide thickness / / y
Oxide stoichiometry
Damage thickness /
Damage structure
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3.3 Gravimetric weighing
3.3.1 Principle of gravimetric weighing
Figure 3.1 demonstrates the principle of the measurement of gas adsorption by gravimetric 
weighing that has been developed for this thesis. A mass comparator is used to compare 
the weight of a silicon cylinder with that of four silicon slices. The volumes of the cylinder 
and combined slices have been adjusted during their fabrication to be almost identical and 
thereby minimise the uncertainty caused by gas buoyancy effects and non-linearity in the 
balance scale. In contrast, the difference between their surface areas is maximised and is 
approximately 170 cm'. Details of the artefacts are provided in §5.2.
p>0
Si cylinder SI slices
Figure 3.1; Principle of gas adsorption measurement by gravimetric weighing. When 
the gas vapour pressure is increased, the mass of the Si slices becomes greater relative 
to that of the Si cylinder due to adsorption on their larger surface area
When the vapour pressure of the gas is increased, the mass of the silicon slices becomes 
greater relative to that of the cylinder due to the larger surface area of the slices. As the 
surface finish and treatment are identical for all artefacts, the number of molecules 
adsorbed is proportional to their surface areas. Thus, we may state that the mass n of 
adsorbed molecules per unit surface area, for a certain vapour pressure p, is given by:
n = Am / AS .............................................  3.1
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where Am is the difference in mass between the cylinder and four slices, and AS the 
difference in their surface area. At a constant temperature, the change in Am as a function 
of the vapour pressure will yield the adsorption isotherm for the gas species and substrate. 
In this study we are concerned with the sorption o f water on the silicon surface as the 
water vapour pressure (i.e. relative humidity, h) is varied. The apparatus and method used 
to vary the relative humidity between 0% and 70% are described in the following sections.
3.3.2 Mass comparator and chamber
The mass comparator is a model HKIOOOMC, manufactured by Mettler-Toledo, and has a 
maximum capacity of 1000.1 g, and a resolution of 0.1 pg. The comparator is installed 
within a sealable chamber which is capable of being evacuated to a pressure below 10 “ Pa. 
Figure 3.2 shows the comparator and the assembled apparatus which is equipped with a 
load-lock device to facilitate the transfer of weights to and from the comparator weighing 
pan. The chamber is evacuated with a magnetically levitated turbo-molecular pump, thus 
ensuring a hydrocarbon-free pumping environment and eliminating the risk of 
contaminating the silicon artefacts' surfaces.
E
Figure 3.2: (left image) mass comparator mounted on the base support of the chamber; (right image) 
assembled chamber containing the mass comparator and load-lock mechanism
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3.3.3 Control and measurement of the water vapour pressure
The relative humidity within the sealed chamber can be controlled over the range 0% to 
70%, the upper limit dictated by the maximum operating range of the mass comparator. 
Figure 3.3 shows the principle for controlling the relative humidity which I built and 
assembled. An h value at 0% is established when the chamber and sorption artefacts had 
been maintained at a pressure of 10'  ^Pa for a period of 5 days.
Control needle valves
Chamber
and
balance
Gas flow
Pressure, rh 
& temperature 
sensors
Inlet
Outlet i Nj source
rh meter
i Pure water
Figure 3.3: Schematic diagram of the apparatus used to control the relative humidity
The relative humidity is controlled by using a source of dry nitrogen gas in combination 
with a reservoir containing pure water (i.e. prepared by de-ionisation and distillation). 
Nitrogen from the bottle is directed past two needle valves, one of which controls the gas 
flow through the water reservoir, and is then recombined before entering the chamber. The 
chamber pressure is maintained at approximately 20 Pa above that of atmospheric by 
control of the gas flow into the chamber, and its expulsion through the outlet port where it 
is vented to atmosphere. A specific value of h is established by balancing the flow of gas 
through each needle valve, and observing the relative humidity measured with a calibrated 
meter in the vent line (a second meter is placed within the chamber to determine the
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relative humidity near the balance). When the desired value of h is indicated, the chamber 
can be isolated using two valves mounted on the inlet and outlet ports respectively. In this 
manner, a stable environment with a near constant relative humidity and a temperature 
between 18.5°C and 20°C was maintained. In practice, it took around 24 hours to achieve 
an equilibrium value of h due to the sorption of the gas by the walls of the vessel and the 
mass comparator. Dynamic weighings (i.e. with a continuous flow of gas through the 
chamber at constant h) were also made, whereby the pressure was maintained at 100 kPa.
3.4 Ellipsometry
Ellipsometry can be used to determine the optical constants (the real n and imaginary k 
components of the complex refractive index) of a sample being studied. It is particularly 
suited to the characterisation of thin films on an optically well-defined substrate. If the 
optical constants of a film are known (or have been assumed) the film's thickness may be 
calculated. For thick films, the technique can reliably determine both the optical constants 
and film thickness. However, when the film thickness is less than 20 nm or so, the two 
parameters become correlated and cannot be separated.
3.4.1 Principle of ellipsometry
Ellipsometry measures the change in the polarisation state of a light beam that has been 
reflected from or transmitted through the sample under study, and derives its name from 
the fact that it analyses the polarisation of elliptically polarised light [101]. In this study a 
Variable Angle Spectroscopic Ellipsometer (VASE) [102] manufactured by J.A. Woollam 
Co. has been used. The operating principles of this instrument are based on a Rotating 
Analyser configuration, which is shown by Figure 3.4.
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Light source polariserand detector
^ ^ Polariser/*' V ^  .  4 4
Sample
Figure 3.4: The polariser produces linearly polarised light which is incident upon the sample. Light 
reflected from the sample will, generally, be elliptically polarised. The rotating polariser and detector 
are used to determine the azimuthal angle and ellipticity of the reflected beam
The light source used by the VASE instrument is a Xe arc lamp which produces a 
continuous output over the spectral range from -190 nm to 1200 nm. Specific 
wavelengths are selected by means of a monochromator that is placed between the light 
source and the polariser. The beam emerging from the monochromator is then passed 
through the polariser to produce linearly polarised light which is directed to the sample 
being studied. The reflected beam, now elliptically polarised, is passed through a 
second polariser (referred to as the analyser) which is rotated around the beam axis at a 
constant angular speed, and then onto the detector. The combination of rotating 
polariser and detector are used to measure the azimuthal angle and ellipticity of the 
reflected beam. The next sections describe these principles in greater depth.
3.4.2 Ellipsometric angles and the Fresnel reflection coefficients
A light beam with a known initial polarisation (usually linear) is reflected from a sample 
causing the light to become elliptically polarised. The change in amplitude and phase of 
polarisation can be determined by resolving the electric vector into two components; 
parallel (p) to and perpendicular (s) to the plane of incidence, which is defined as the plane 
containing the incident and reflected beams and the vector normal to the sample surface.
Two ellipsometric angles known as "Pand A may be defined [103]. Prior to reflection, the 
polarisation of light is determined by the amplitude ratio (A/As) and the phase difference
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of the two components (p) and (s). Upon reflection, both the amplitude ratio and 
the phase difference change. The angle A is the change in phase difference caused by the 
reflection and is given by:
a  = [s ; - s : ) - { ô; - s I ) ........................................  3 .2
where the superscripts (r) and (i) represent the reflected and incident light, respectively. 
The angle ÎPis defined by the ratio of the amplitude ratios before and after reflection and 
is given by;
=    3.3A 'jA l
If the incident beam is linearly polarised, the above equations can be simplified. Linearly 
polarised light can be described as two orthogonal electric fields propagating in phase. 
There is no initial phase difference between the (p) and (s) components and Eqn, 3.2 
therefore simplifies to;
A = ( ^ ; - ^ : ) ...................................................3.4
The ellipsometric angle ÎPis still defined by Eqn. 3.3 since the (p) and (s) components 
may have any magnitude and ratio, depending on the incident light intensity and the 
position of the polariser. The ellipsometer is used to determine ÎP and A. These measured 
angles are related to the optical constants and dimensions of a sample via the Fresnel 
reflection coefficients Rp and R .^ The ratio of these coefficients defines p  (a complex 
number) and is related to the two ellipsometric angles through the equation of ellipticity;
/? = - ^  =  t a n ( ^ )  .....................................
After measuring Y^and A with an ellipsometer it is possible to invert Eqn. 3.5 to determine 
the optical constants of the reflecting media or the thickness of any surface films through 
their relationships to Rp and Rs which are described in the next section.
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3.4.3 Reflection and refraction at a planar interface between two isotropic media
The propagation of an electromagnetic plane wave in an isotropic absorbing medium is 
described by the complex refractive index N  which consists of a real component (n, 
refractive index) and imaginary component {k, extinction coefficient) and can be written:
N = n — j k ......................... ............  3.6
The refractive index n of a material is the factor by which the phase velocity of the wave is 
slowed in that material relative to its velocity in a vacuum, and the extinction coefficient k 
determines how fast the amplitude of a propagating wave decreases as light is transmitted 
through the material. For non-absorbing (i.e. transparent) materials the extinction 
coefficient is zero. A material becomes absorbing when the energy of the electromagnetic 
radiation is sufficient to excite electrons within the material to higher energy states. For a 
semiconductor, this occurs at energies greater than the bandgap energy. Figure 3.5 depicts 
the reflection and transmission of a plane wave between two homogenous, optically 
isotropic media 0 and 1 with complex indices of refraction Nq and N\ respectively.
Medium (0) ^
e„
Medium (1)
•\
e ,
S
P
Figure 3.5: Oblique reflection and transmission of a plane wave at a planar 
interface between two media 0  and 1
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The Fresnel reflection coefficients are related to the complex refractive indices of the two 
media as follows:
^  _ N,cos0g-N„cos0 i  
’’ N, cos (9„ + Ng cos
and
_ iVjCos^o-A ^icos^i 3.8R
N q Co s Oq + N, cos^j
where 6 b is the angle-of-incidence (measured from the sample normal) and &i is the angle- 
of-refraction. If we substitute for Rp and Rs in Eqn. 3.5, and make use of Snell’s law 
N osing  = Ni sinO[, we obtain:
= N q tan 0q
Ï2
........................  3.9
Hence, the complex refractive index of medium(l) can be determined from a knowledge 
of the refractive index of medium(O) and the measurement of ellipticity p  at one angle-of- 
incidence. If medium(O) is air then Ab=l. As can be seen from Eqns. 3.5, 3.7 and 3.8 the 
ellipsometric angles Y^and A are a function of the refractive index of the two media at the 
interface. By implication they vary with the wavelength of light, since the refractive index 
is dependent on the wavelength of light.
When a p-polarised light wave is incident on the interface between two transparent media 
the reflected wave entirely disappears at a particular angle-of-incidence called the 
Brewster angle 6 h, and the incident wave is totally refracted into the second medium. The 
Brewster angle is given by:
tan^B  =  (n^ ! Uq) ........................................ 3.10
It follows that y=0 at and A goes through a step from 0° to 180°.
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3.4.4 Reflection and transmission by an ambient-film-substrate system
An important application of ellipsometry is the measurement of the thickness of films and 
coatings. Consider the physical model shown by Figure 3.6. Here the film (1) has parallel- 
plane boundaries (a ‘slab’ model) with a separation of d\ and is sandwiched between an 
ambient (0 ) and substrate (2 ) medium.
Ambient (0) 
Film(l) 
Substrate (2)
8 «
Figure 3.6; Oblique reflection and transmission of a plane wave by an 
ambient(0 )-film( 1 )-substrate(2 ) system with parallel-plane boundaries
All three media are homogenous and optically isotropic, with complex refractive indices 
of No, N[ and N2 respectively. If the ambient medium is transparent, then No is real. The 
Fresnel coefficients describing this optical system are then modified with an exponential 
term containing a parameter p  defined by:
= 2;r A/'j —  cos<9i .................................... 3.11X
where p  is the phase angle or film  phase thickness and is defined as the phase change that 
the multiply-reflected wave inside the film experiences as is traverses the film once from 
one boundary to the other. The Fresnel reflection coefficient (for either the s or p 
direction) is given by:
'bi + ' 1 2  « 3.12
1 +
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where roi is the reflection coefficient at the ambient(0 )-film( 1 ) interface and ri2 the 
reflection coefficient at the film(l)-substrate(2) interface. Thus, if the refractive index of 
the film Ni is known, its thickness can be determined from a single measurement at a 
given wavelength and angle-of-incidence.
3.4.5 Modelling process
In common with all optically based techniques, ellipsometry cannot be used to determine 
film thickness directly or a sample’s optical constants directly. Instead, the parameters ¥  
and A are measured, which are a function of a film's thickness and its optical constants, as 
well as other parameters such as wavelength and angle-of-incidence. It then becomes 
necessary to use a physical model of the surface to interpretate the measured spectra which 
incorporates the parameters of interest and that best fits the experimentally obtained 
results. Fitting is achieved through the minimisation of the difference between 
experimental and simulated data via a fitting algorithm (described at §3.4.7). A vital stage 
to this modelling process is to test that the best-fit parameters are unique, physically 
reasonable and are not strongly correlated. The confidence in this approach is increased by 
the use of complementary data, determined from independent analytical techniques, that 
can be incorporated in this modelling process to reduce the number of fitting parameters.
3.4.6 Variable Angle Spectroscopic Ellipsometry
With a VASE instrument, experimental data can be acquired over a wide spectral range at 
different angles-of-incidence [102]. This has two important advantages over earlier 
instalments which operated at a single wavelength and angle. Firstly, a large amount of 
data is collected which helps improve the confidence in the fitting process. Secondly, the 
spectral range and angles-of-incidence can be optimised for the determination of certain 
sample parameters, such as layer thickness or the optical constants of one of the films. 
Typically, for samples studied in this work, a spectral range of 350 nm to 700 nm with 
angles-of-incidence between 69° to 75° are used. These values have been selected to 
optimise the conditions for an oxide layer [ 1 0 1 ] by finding the condition where there is 
highest sensitivity, specifically near the pseudo-Brewster angle^ of silicon.
® The pseudo-Brewster angle is defined as that angle where A=-90° for a particular wavelength. Then 
p  = tan ^ e '^  = tan Y (cos A -h i sin A) is purely imaginary.
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3.4.7 Measurement of oxide layer thickness
The initial modelling strategy (see Table 3-2) has been to adopt a simple structure of an 
oxide film on a silicon single-crystal substrate with which to interpretate the measured ¥  
and A spectra. The assumed values for the optical constants of the oxide layer and Si 
substrate have been taken from the Handbook o f Optical Constants o f Solids [25]. For the 
oxide layer, values reported for bulk silicon dioxide (i.e. glass) have been used and a 
stoichiometry of Si0 2  is thus assumed.
Table 3-2: One-layer model consisting of an 
amorphous SiOg layer on a Si substrate
Glass: Palik Fit thickness, dsioi 
Si: Tabulated
The experimental data were fitted to this model (and later using more refined multilayer 
models described in Chapter 6 ) using a Levenburg-Marquardt algorithm [104] to minimise 
the mean-square error (MSB). Data analysis was perforiued using the instrument's 
WVASE32™ software. The mean squared error (MSE) is the sum of the squares of the 
differences between each calculated (modelled) and experimental data point, divided by 
the standard deviation of the experimental data point. When the MSE is unity or less, the 
calculated data lie within one standard deviation of the experimental data. The MSE is 
calculated using:
MSE =
- — É2 N - M  tr <7expV.i +y Aexp(7 expA,i 3.13
where N  is the number of measured (y/,A) pairs, M is the number of variable parameters in 
the model, and a are the standard deviations of the experimental data points.
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3.4.8 Focusing the VASE beam
The standard optics on the VASE system utilises a beam with an approximate diameter of
2.5 mm. This is ideally suited for the analysis of flat surfaces and when an average of the 
measured parameters over a relatively large area is permissible; the footprint of the beam 
on a sample’s surface at an angle-of-incidence of 75° is around 25 mm^. An objective of 
this work is the characterisation of surface films on 1 kg Avogadro spheres which have a 
nominal diameter of 93 mm. In these circumstances, the beam diameter is too large and 
the curvature of the surface causes excessive divergence of the reflected beam resulting in 
a poor signal-to-noise ratio at the detector. Figure 3.7and Figure 3.8 show typical results 
for the two measured ellipsometric angles, *Fand A, obtained from a flat silicon wafer and 
a cylindrical silicon artefact (with a nominal diameter of 60 mm) respectively, using the 
standard optics. In the latter case, the signal-to-noise ratio at the detector is greatly reduced 
leading to data which cannot be reliably modelled. A means of reducing the beam spot is 
therefore necessary and led to the installation and characterisation of a pair of focusing 
probes.
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Figure 3.7: Measured ellipsometric angles {experimental data) for a flat silicon wafer. A model comprising 
of an oxide layer on a silicon single-crystal substrate was used to interpret the experimental data. The optical 
constants have been taken from [25] and oxide thickness was used as the fit parameter. The best-fit {model 
fit) to the experimental data gave an oxide thickness of 3.4 nm
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Figure 3.8: Measured ellipsometric angles for the side of a cylindrical silicon artefact with a 
diameter of 60 mm. The best-fit {model fit) to the experimental data gave an oxide thickness of 8.6 nm
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3.4.8.1 Focusing probes
A pair of focusing probes specifically manufactured for the VASE system were obtained 
from J.A.Woollam Co. Figure 3.9 shows the probes prior to their installation and in use on 
the ellipsometer.
F ig u re  3.9: Focusing probes used with the V ASE ellipsom eter
The two probes appear identical in construction, though they are separately identified by 
the manufacture as to which is used with the incident and reflected beams. Each probe 
consists of a hollow tube with a small focusing lens at one end, and is provided with 
screws and adjustable mounts for attachment to the VASE instrument and its optical 
alignment. The lens has a fixed focal length of approximately 30 mm. In use, the 
manufacturer's claim the beam size is approximately 0 . 2  mm when focused onto a sample. 
A consequence of using such a device, however, is the convergence, and then divergence 
of the beam from a sample's surface. The general equations of ellipsometry are derived for 
parallel light rays [101]. Any departure from this condition will lead to an error when 
determining a film’s thickness. Fortunately, the VASE software [102] has a feature to 
compensate for this effect and a value can be entered for the angular spread 0  of the 
beam. The angular spread 0  is defined as half the solid angle (approximately 5°) formed 
by the beam at the surface of the sample and is illustrated by Figure 3.10. 0  will be 
dependent on the diameter of the beam emerging from the polariser and on the focal length 
of the probes. As such, there will be a unique value of 0  for each instrument and probe 
combination.
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Focusing lens
From polariser To detec tor
Surface under investigation
F ig u re  3.10: The angular spread 0  is taken as half the solid angle the beam  subtends at a
sam ple's surface. In this exam ple 0  = 2.5°
3.4.S.2 Procedure to determine the angular spread 0
The angular spread 0  has been determined by comparing measurements made with the 
standard optics with those using the focusing probes. For the purposes of this work it is 
assumed that the standard optics provide an accurate measurement of oxide thickness, and 
any deviation from this value is presumed to arise from errors introduced by the focusing 
probes. Three flat wafers were chosen for this study. Each has been manufactured from 
silicon single-crystal material and polished on one side, with nominal oxide thicknesses of 
3 nm, 16 nm and 26 nm. The wafers were supplied as <100> orientation. The oxide 
thickness has been determined by assuming a physical model of a SiO? layer on a silicon 
substrate, together with appropriate optical constants. Making this assumption will not 
affect the determined value of 0 , as a failure in either the model or the optical constants to 
realistically represent the surface of the wafers will give rise to the same systematic error 
in both optical configurations. We are not interested here in the absolute accuracy of a 
given measurement but rather the differences between the two configurations.
Two approaches to fitting the experimental data obtained with the focusing probes were 
used: Model n® 1 where the oxide thickness r/sio2 and 0  were chosen as fit parameters; and 
Model n“ 2 which incorporates the oxide thickness determined with the standard optics 
and 0  is used as a fit parameter. Table 3-3 summarises the results obtained from four or 
five independent measurements for each wafer.
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T a b le  3-3: D eterm ining the angular spread 0  fo r the instrum ent/focusing probe com bination. M easurem ents were 
m ade on w afers w ith nom inal oxide thickness 3, 16 and 26 nm using both the 'standard' and 'focusing probe' optical 
configurations. T he colum ns headed 'diff.' gives the differences (in nm) betw een oxide thicknesses ds\02  determ ined 
w ith the standard  and focusing optics
Optics: Standard Focusing probe
Model: n,ksi ; ttsi02 B,ksi ; nsi02 n* 1 n“2 n" 2
Fit: dsi02 dsi02 dsi02 ; 0 <D O; (P
dsi02
(nm)
MSB dsi02
(nm)
MSB diff.
(nm)
dsi02
(nm)
o MSB diff.
(nm)
(D MSB (I) MSB
2.88 2.48 3.50 3.94 0.62 2.68 2.38 3.11 -0.20 2.15 3.15 2.14 1.99
3 nm 2.94 2.46 3.68 3.76 0.74 2.83 2.23 2.77 -0.11 2.11 2.78 2.11 2.57
w afer 2.97 2.74 3.80 4.66 0.83 2.75 2.50 3.33 -0.22 2.29 3.37 2.24 2.48
2.92 2.59 3.77 6.15 0.85 2.43 2.78 4.87 -0.49 2.37 5.00 2.19 2.29
m e a n : 2.92 2.57 3.69 4.63 0.77 2.67 2.47 3.52 -0.26 2.23 3.58 2.17 2.33
On-i: 0.04 0.13 0.17 0.23 0.12 0.057
16.22 2.56 16.44 3.91 0.22 16.34 1.72 3.90 0.12 2.34 3.91 1.34 1.86
16 nm 16.23 2.55 16.37 2.55 0.14 16.28 1.69 2.52 0.05 1.99 2.52 1.79 1.83
w afer 16.28 2.61 16.61 3.36 0.33 16.39 2.60 3.24 0.11 3.05 3.26 2.53 1.9316.28 2.69 16.40 2.22 0.12 16.39 0.62 2.22 0.11 1.72 2.25 2.08 1.93
16.31 2.32 16.54 2.31 0.23 16.37 2.24 2.19 0.06 2.50 2.19 2.27 1.90
m ean : 16.26 2.55 16.47 2.87 0.21 16.35 1.77 2.81 0.09 2.32 2.83 2.00 1.89
On-iî 0.039 0.10 0.048 0.75 0.51 0.46
26.27 2.70 26.46 3.08 0.19 26.17 3.23 2.91 -0.10 2.70 2.93 1.27 1.72
26 nm 26.19 2.59 26.09 2.36 -0.10 26.09 0.00 2.37 -0.10 0.00 2.54 0.00 1.75
w afer 26.40 2.89
26.62 4.04 0.22 26.29 3.49 3.85 -0.11 2.95 3.86 0.74 1.69
27.25 2.62 26.74 3.26 -0.51 26.34 3.93 3.07 -0.91 0.00 4.69 0.00 4.63
26.64 2.59 27.44 3.14 0.80 27.17 3.17 3.02 0.53 5.19 3.41 4.58 2.49
m ean : 26.55 2.70 26.67 3.18 0.12 26.41 2.76 3.04 -0.14 2.17 3.49 1.32 2,46
®N-l! 0.43 0.50 0.44 1.57 2.20 1.90
3.4.S.3 Error due to focusing the beam
For all three wafers, the result of not including 0  as a fit parameter gave average oxide 
thickness values that were higher than that obtained with the standard optics in place. The
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over estimation, calculated from the differences between the mean oxide thicknesses, was 
approximately 26 % for the 3 nm wafer, and 1% and 0.5% for the 16 and 26 nm wafers 
respectively. A consequence is that for the 16 and 26 nm wafers the change in the 
measured parameters !Pand A between the two optical configurations is relatively small 
(i.e. the experiment has less sensitivity) and leads to a correspondingly higher degree of 
uncertainty when interpreting the data. This is demonstrated by the higher standard 
deviations obtained when calculating the mean value of 0  from data obtained with these 
wafers. For this reason, the calculation of 0  has been based solely on the results obtained 
for the 3 nm wafer. Figure 3.11 shows the difference obtained in the measured spectra for 
the 3 nm wafer with and without the focusing probes installed.
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Figure 3.11: M easured ellipsom etric angles using the standard optics (lines) and focusing 
probes (data points) for the 3 nm wafer. N ote the relatively large change in Â and W 
betw een these two configurations, especially  at an angle-of-incidence at 75° which is near 
the pseudo-B rew ster angle o f  silicon
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3.4.5.4 Correlation between oxide thickness and angular spread
Both modelling approaches yielded similar values for 0 , being 2.47 and 2.23 respectively. 
However, in model n” 1 there was a strong correlation^ between the two fit parameters of 
oxide thickness and 0 . For this reason, model n” 2 has been used to determine the value of 
0 . In most cases, the quality of the fit obtained with this model was further improved by 
fitting for the angle of the incident beam {angle-of-incidence (p) measured with respect to 
the surface normal. The measured deviation of (p from its 'nominal value' (i.e. the value 
determined by the instrument's goniometer*^) is likely due to a slight misalignment of the 
focusing lens of the probe attached to the polariser with respect to the beam. In all cases, 
the calculated values of (p were greater than the values determined by the instrument, by 
amounts ranging from 0.01° to 0.19°.
3.4.8.5 Value of the angular spread 0
For the reasons stated, the angular spread 0  of this beam/probe combination has been 
determined from the results obtained with the 3 nm wafer. The experimental data gathered 
with the focusing probes has been interpreted with a model that includes the oxide 
thickness determined with the standard optics, and 0  and (p are chosen as fit parameters. In 
total, four measurements of 0  were made giving a mean value of 2.17° with a standard 
deviation of ± 0.06° (these values have been taken from the final column in Table 3-3 for 
the 3 nm wafer). Figure 3.12 gives an example of the fit obtained for one of these 
measurements.
® The VASE software is capable of displaying a ‘correlation matrix’ for any two parameters used in the 
fitting process. The components of this matrix are derived from the covariances of the calculated best-fit and 
describe the degree of independence of the two parameters.
The manufacturer's claim that the goniometer stage is accurate to within ± 0.01°
58
180
» # # # # # # #
m od el fit
ex p erim en ta l d a ta  6 9 °  
a - a  ex p eriem n ta l d a ta  7 2 °  
ex p erim en ta l d a ta  7 5 °
300 400 500
Wavelength (nm)
600 700
30
 m o d e l fit
* —#  ex p erim en ta l d a ta  6 9  
ex p eriem n ta l d a ta  7 2  
■ ex p erim en ta l d a ta  75'
25
20
15•o
10
5
400 500 600 700
Wavelength (nm)
Figure 3.12: Measured ellipsometric angles for tfie 3 nm wafer obtained with the focusing probes. 
The model incorporates an angular spread 0  of 2.2°. Both the oxide thickness J,si0 2  and angle-of- 
incidence (p were used as tit parameters
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3.4.S.6 Focused probe measurements on a cylindrical artefact
Measurements were made on a cylindrical artefact to test the focused probe's ability to 
make practical measurements on a curved surface and to assess the quality of the 
developed model. The silicon artefact has an approximate diameter of 60 mm and was cut 
in two, through its axis of symmetry, to facilitate easy mounting on the translation stage of 
the ellipsometer. The cylindrical axis has been orientated in-line with the incident beam as 
shown by Figure 3.13.
Figure 3.13: Cylindrical artefact mounted 
on the ellipsometer’s translation stage
A single measurement consisted of a spectroscopic scan over the wavelength range from 
350 nm to 700 nm, at nominal angles of incidence of 69°, 72° and 75°. With the artefact 
placed on the instrument's translation stage, alignment of artefact and focusing probes is 
achieved in two stages: 1 ) using the standard optics, the levelling screws on the translation 
stage are adjusted such that the incident and reflected beams are collinear (i.e. giving 
normal incidence). This adjustment is made at an angle-of-incidence of 0°. The vertical 
displacement of the artefact is then adjusted to ensure the reflected beam strikes the centre 
of the detector; 2 ) the focusing probes are then attached to the instrument and aligned to 
the artefact using their supplied mounting screws. Stage (2) usually involves an iterative 
process to ensure correct probe alignment. Table 3-4 shows the results of two 
measurements made with the focusing probes in place.
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Table 3-4: Measurement of oxide thickness r/si0 2  on a cylindrical artefact using the focusing 
probes. A much improved fit to the experimental data is obtained if the angle-of-incidence (p 
is included as a fit parameter
Assumed & measured 
parameters; n,ksi; nsi02; ^=2.2° n,ksi; nsi02; 0=2.2°
Fitted parameters: dsi02 dsi02; (p
dsi02 MSB dsi02 MSB 9
(nm) (nm) (°)
5.06 9.11 5.14 1.86 69.42 ±0.02 
72.34 ±0.02 
75.23 ±0.01
4.89 4.37 4.97 1.73 69.22 ±0.02 
72.16 ±0.01 
75.07 ±0.01
In common with the measurements made on the flat wafers, a convincing fit to the 
experimental data was only obtained when the angle-of-incidence (p was included as a fit 
parameter, and led to a large reduction in the MSB values. However, the departure of the 
calculated angles from their nominal values (being 69°, 72° and 75°) was significantly 
greater than that obtained with the flat wafers, which was typically 0.1°. This is probably 
due to the added difficulties encountered when aligning an artefact with a curved surface, 
as well as any misalignment of the lens. As stated previously, the standard optics are used 
to align the artefact with respect to the instrument and beam from the polariser. 
Adjustment to normal incidence at the 0° position of the goniometer is achieved with a 
four-quadrant photo-diode. This device has a hole through its centre allowing the incident 
beam to pass through unhindered. Normal incidence is determined when the reflected 
beam gives an equal amount of illumination on each quadrant. This condition is relatively 
easy to determine for a flat surface. However, the task of interpretation is made 
significantly harder for a curved surface due to the divergence of the reflected beam. For 
the cylindrical artefact mounted as described, there would appear to be an operator bias to 
this procedure as the fitted angles tend to be greater than their nominal values.
The assumption of misalignment of the artefact was tested by deliberately tilting the 
artefact within the plane of incidence, by using the appropriate levelling screw on the 
translation stage of the VASE. Table 3-5 summarises the results at different angles-of-
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incidence. The column headed ‘tilt value’ is an arbitrary scale and gives the fraction by 
which the levelling screw is rotated (i.e. 0.500 = 180°); the position 'O' is taken as the 
initial setting of the screw when the artefact was first aligned. A positive value gives an 
adjustment that decreases the angle-of-incidence, a negative value will increase the angle- 
of-incidence. The data highlighted in bold italics correspond to when the calculated and 
nominal angles best agree, which is interpreted as occurring when the artefact and beam 
are in correct alignment.
Table 3-5: Fitting for oxide thickness ds\oi and angle-of-incidence tpp 
with varying misalignment of the artefact, as indicated by the 'tilt 
value'
tilt
value
(a.u.)
dsi0 2
nm
M SB nom inal 
angle cpN
fitted  
angle (pp
(pp - (pN
-0.250 3.67 2.74 69 69.98 0.98
72 72.86 0.86
75 75.61 0.67
-0.125 3.77 2.35 69 69.73 0.73
72 72.61 0.61
75 75.43 0.43
0 3.88 2.30 69 69.48 0.48
72 72.40 0.40
75 75.22 0.22
0.125 3.87 2.33 69 69.33 0.33
72 72.21 0.21
75 75.03 0.03
0.250 3.71 2.26 69 69.17 0.17
72 72.03 0.03
75 74.84 -0.16
0.375 3.59 2.69 69 68.98 -0.02
72 71.82 -0.18
75 74.60 -0.40
0.500 3.43 2.58 69 68.84 -0.16
72 71.66 -0.34
75 74.44 -0.56
The assumption appears robust with the predicted variation in the calculated values of 
angle-of-incidence with artefact misalignment. A good level of fit was obtained, and the 
oxide thickness and angle-of-incidence were not strongly correlated. Figure 3.14 displays 
the deviation of the fitted angles from their corresponding nominal values with artefact tilt.
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This clearly demonstrates the ability of the VASE software to be able to sensibly model 
deviations of angle-of-incidence. The linearity of the results reflect that adjustment of the 
levelling screw produces a uniform change in the angle-of-incidence over the tested range.
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■ 72 
A 75
O)cCO 0.6
0.4COc
Eoz 0.2
T5CD
- 0.1
- 0.2LL
-0.4
’9r6- Tilt value
Figure 3.14: Deviation o f the fitted angles from their nominal values with respect to the 
‘tilt’ o f the artefact
However, as seen in Table 3-5, there also appears a systematic error when calculating the 
oxide thickness that is correlated with the deviation of the angle-of-incidence from its 
nominal value. This is shown graphically by Figure 3.15 and Figure 3.16 where the oxide 
thickness values obtained for nominal angle-of-incidences of 72° are shown. The 
highlighted results (pointing arrows) correspond to the oxide thickness value determined 
when the fitted and nominal angles best agree. A reasonable assumption is that the oxide 
thickness measured when this deviation is at a minimum is the most accurate value. Figure 
3.15 shows the trend is non-linear for extreme deviations of angle-of-incidence from 
nominal. A similar trend was established in a separate experiment when the tilt position 
was increased.
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Figure 3.15: Variation of oxide thickness with artefact 'tilt'. The highlighted value (arrow) gives 
the oxide thickness determined when the fitted and nominal angle best agree
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Figure 3.16: Variation of oxide thickness with fitted angle-of-incidence. The highlighted 
value (arrow) gives the oxide thickness determined when the fitted and nominal angles best 
agree
A regression analysis of the data shown by Figure 3.16 yields a slope of 0.77 nm degree '. 
A correction based on this value may be applied to the fitted oxide thickness to take into 
account deviations of angle-of-incidence (e.g. if the fitted thickness is 3.87 nm at an angle- 
of-incidence of 72.21°, then the corrected thickness = 3.87 - 0.21 x 0.77 = 3.71 nm).
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3.4.S.7 Data analysis procedure for the focusing probes
Based on the preceding work to determine a value for the angular spread 0 , and the 
subsequent discovery of errors associated with variations of the actual angle-of-incidence 
from its nominal value, the following procedure is used to determine the oxide thickness 
from spectra obtained with the focusing probes:
(1) Use a value of the angle spread of 2.17°;
(2) Fit the angle-of-incidence and determine its difference from the corresponding 
nominal value;
(3) Multiply this difference by 0.77 nm degree ' and subtract from the fitted value of 
oxide thickness.
3.5 Rutherford Backscattering Spectroscopy
Rutherford Backscattering Spectroscopy (RBS) is a surface analysis technique that can be 
used to identify chemical elements and their concentrations, as well as determining their 
depth from a surface. It is used in the near-surface region, that is, to a depth of a few 
micrometres. If the sample is a single-crystal, then it can be used in a channelling mode 
which is sensitive to irregularities in the crystal lattice. In this work, RBS has been used to 
determine the thickness of oxide layers based on an assumed oxide stoichiometry and 
atomic density. RBS has also shown the presence of damage to the Si lattice resulting 
from mechanical polishing and has quantified the depth to which this region extends 
below the Si-Si0 2  interface.
3.5.1 Principle of Rutherford Backscattering Spectroscopy
RBS is based on elastic collisions between projectile ions of a high energy (typically, 
several MeV) with atoms in the near-surface region of a sample, at which the beam has 
been targeted [105]. It involves measuring the number and energy of ions (in this case 
ions) that backscatter after the collision process. With this information it is possible 
to determine the atomic mass and elemental concentration against depth below the surface. 
Its sensitivity to low atomic number elements is relatively poor and is ideally suited for
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determining the concentration of trace elements that are heavier than the major |
constituents of the sample. 1
When a sample is bombarded with a beam of high-energy particles, the vast majority 
become implanted into the material and do not escape by scattering out of the target. This 
is because the diameter of an atomic nucleus is of the order of a femtometre (10''^ m) 
whilst the spacing between nuclei is around 0.2 nm (2 x 10"'  ^m). A small fraction of the 
incoming ions are backscattered from the nuclei of atoms in the upper few micrometres of 
the sample. This does not involve a direct collision but rather an energy exchange occurs 
through the interaction of Coulombic forces between the nuclei as they approach closely. 
This interaction can be modelled accurately as an elastic collision using classical physics 
[106]. For scattering at a sample’s surface, the only energy loss mechanism is momentum 
transfer to the target atom. The ratio of the energy of the projectile after the collision 
'^scattered to that of before ^ ’incident IS Called the kinematic factor k.
p_  - ^ s c a t te r e d  _  
^ i n c i d e n t
[m  ^ +M,cos(^
MI + A/ 2 3.14
where M\ is the mass of the incident ion, M2 is the mass of the target atom and the 
backscattering angle measured from the incident path. Eqn. 3.14 may be used to calculate 
the mass of the target atom at a surface from measurements of the energy of backscattered 
ions, provided that the mass of the projectile ions Mt and the incident energy are known. 
Thus, for a monoenergetic beam of ions of known incident energy, RBS is able to identify 
the target elements present at a surface through the calculation of their atomic mass.
3.5.2 Scattering cross-section and yield
The number of backscattering events that occur from a given element in a sample depends 
upon two factors; firstly, the concentration of the element and secondly, the effective size 
of its nucleus. The effective size of the nucleus (i.e. the probability that an ion will be 
scattered) is described by its scattering cross-section C7, and is proportional to the square of 
its atomic number. Figure 3.17 shows a backscattering process where the reaction has 
taken place below the sample surface.
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Figure 3.17: An ion backscattered from a nucleus at depth d
The backscattered ion has been observed at an angle \f/ to the incident beam with a 
detector that subtends a small solid angle £2. The Yield Y of backscattered ions (defined as 
the count rate at the detector) is given by:
Y = I N  d G ^ Q . £  ................................. 3.15
where / is the incident beam current (expressed as the number of ions per second), N  is the 
atomic density of the elements in the sample, d is the target depth, cte is the scattering 
cross-section for a given incident ion energy, and e  is the detector efficiency. Thus, the 
yield from the scattering experiment is directly related to the concentration of target 
atoms, whereby RBS is sensitive to the product of N  and d which is referred to as the areal 
density. For an elastic Coulombic collision, the scattering cross-section has a well defined 
analytical form and the probability that an ion will be scattered into a detector with a given 
solid angle is given by the Rutherford formula:
2 4 1-((M,\M2)sin^^)^| + cos^
.  incident _ siri^  y/ 1/2
3.16
where Z\ and Z? are the atomic numbers of the incident ion and target atom respectively 
and e is the elementary charge on an electron. Predominately, the scattering cross-section
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is proportional to the square of the atomic number of the target atom and consequently 
RBS is more sensitive to heavier elements.
3.5.3 Depth profiling
The situation for a particle that has travelled into the material becomes more complicated. 
Particles lose energy as they pass through a sample, both before and after collision, and 
can do so by a variety of physical mechanisms [105]. However, for incident energies of a 
few MeV one process is dominant. The energy loss arises from the interaction between the 
ion and the electrons of the atoms of the material, in the form of excitation and ionisation. 
This process is termed electronic stopping. A particle that backscatters from an element at 
some depth in the sample will therefore have less energy than a particle that backscatters 
from the same element on the surface. The amount of energy a particle loses per distance 
traversed (ciE/dx) in a sample is dependant on the particle's mass, its velocity, the elements 
in the sample, and the density of the sample material. A prior knowledge of this 
dependence of energy loss on the sample composition and density enables measurements 
of layer thickness (or depth profiling).
3.5.4 Channelling
RBS can be used to study the extent of the crystallinity of a sample, in addition to 
determining compositional and depth information. Channelling will occur in a single­
crystal when the rows or planes of atoms in the lattice are aligned parallel to the incident 
beam. The ordered electric fields produced by these planes act to guide or ‘channel’ the 
ions between the planes, therefore preventing them from approaching individual nuclei 
and greatly reducing the effect of electronic stopping and the probability of backscattering 
(typically just a few percent of the signal obtained from a non-aligned or amorphous 
material). By measuring the reduction in the backscattering yield when a sample is 
channelled, it is possible to quantify the crystal perfection and to determine a single- 
crystal’s orientation in relation to the beam. Crystal defects, such as interstitials and 
dislocations, as well as amorphous structure, can cause de-channelling. Figure 3.18 
demonstrates the reduction in yield when a Si crystal with a (100) suiface orientation was 
channelled compared with the (upper) signal from an amorphous Si sample. The data has 
been obtained in this study. The yield has been plotted against the detector channel
6 8
number, where an increasing channel number corresponds to an increasing energy of the 
backscattered ion.
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Figure 3.18: The yield from an amorphous Si sample compared with a channelled Si single-crystal
Figure 3.19 shows just the channelled spectrum. The general background signal 
corresponds to ions backscattered from Si atoms within the crystal; their energy decreases 
with depth as energy is lost to inelastic scattering events (electron stopping). The 
backscattered yield increases with depth due to two mechanisms: 1) the scattering cross- 
section is inversely proportional to the square of the ion beam energy (see Eqn. 3.16); 2) 
and the ion beam becomes progressively de-channelled the further it travels into the 
crystal. Two peaks are observed near channel numbers 260 and 160. The first of these 
corresponds to silicon atoms that are near the surface and within the oxide layer. The 
second peak is due to oxygen atoms within the oxide layer. This peak occurs at a lower 
energy as the mass of an oxygen atom is less than that of silicon, and more momentum is 
transferred to the oxygen atom when backscattering occurs (see Eqn. 3.14). The yield from 
the Si atoms within the oxide is greater than that from the adjacent region of the crystal, as 
the oxide is amorphous and channelling only occurs within the crystal.
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Figure 3.19: A channelled spectrum for an oxide on a Si(IOO) substrate
3.5.5 Measurement of oxide film thickness
For ultra-thin films, the errors associated with calculating film thickness through energy 
loss calculations (§3.5.3) become large due to the energy resolution of the detector. For 
this reason, the thickness of the oxide layer in this study is calculated by another method. 
For a given spectrum, the total yield of oxygen atoms (i.e. area under the O peak) is 
calculated. This is achieved by subtracting the Si background yield and then integrating 
under the oxygen peak. Eqn. 3.15 is then used to determine the areal density of O atoms 
(i.e. the product of N  and d, giving the number of oxygen atoms per cm^). A stoichiometry 
of SiOz is assumed to estimate the total number of atoms cm'^ (i.e. the oxide areal density). 
This value is then converted to an equivalent thickness by assuming an atomic density of 
silicon dioxide of 6.6 x 10^  ^ atoms cm'^, which is taken from literature for bulk silicon 
dioxide. The measurements were enhanced by using an ion beam energy of-3.05 MeV. At 
this energy, resonance between the oxygen atom and ion lead to an increased scattering 
cross section [107]. The uncertainty in the calculated oxide thickness has been estimated 
as ± 20% at a confidence level of 95 % '\
The reported uncertainty is based on a standard uncertainty multiplied by a coverage factor k=2, providing 
a level of confidence of approximately 95%
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3.5.6 Quantification of the amount, and depth, of sub-surface damage
The presence of sub-surface damage i.e. Si atoms occupying non-lattice positions in the 
near surface region, will produce two quantifiable effects in the energy spectra: 1) an 
increased Si surface peak; and 2) an increased de-channelling of the ion beam which 
results in a higher backscattered yield for a given penetrated depth within the crystal. 
Figure 3.20 shows the effects of Si surface peak enhancement and de-channelling on the 
backscattered yield obtained for a Si wafer that has been polished in a direction 
perpendicular to the <211> crystal plane. The lower spectrum was obtained for the wafer 
as supplied by the manufacture and has undergone a CMP process; the upper spectrum 
was obtained for the same wafer after it had been re-polished at NPL (see Appendix I).
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Figure 3.20: Increased backscattering yield due to the presence of damage. Undamaged crystal 
(bottom spectrum); crystal containing damaged region (top spectrum)
In this example, the mechanically polished surface has a higher backscattering yield than 
the CMP treated surface, which suggests the existence of additional damage introduced by 
the polishing process. The thickness of the damaged region may be quantified by 
determining the yield of Si atoms displaced from regular lattice positions, and may be
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estimated from the yield of the Si surface peak, F p e a k - However, F p e a k  will also include 
contributions from the spectrum background Yg, the Si atoms in the oxide Yqx, and the Si 
atoms that would be visible for a perfect surface Fy. Thus the yield of Si atoms that 
correspond to a damaged region is given by:
Y, Y ox -  Y y 3.17
The amount of Si atoms in the oxide Fqx may be estimated from the yield of O peak (see 
§3.5.5). The method used for estimating the background contribution Fg is shown 
schematically by Figure 3.21. F p e a k  is obtained from the integral of the backscattering 
yield from channel ch 1 to ch2, and the contribution from the background Fg is taken as the 
area A, which is then subtracted from Fpeak-
Si surface peak
ch2chi
channel number
backscattering yield over channels ch 1 to ch2 and subtraction of the background A
The conversion of Fd into an estimation of the depth that the disturbed Si atoms penetrate 
into the crystal lattice is dependent on knowing the structure of the damaged region, be it 
amorphous or dislocations or a mixture of the two. In this work, the assumption of an 
amorphous structure has been made, and the areal density of disturbed silicon atoms is 
converted to a thickness by assuming an atomic density a-Si to be 5.0 x 10^  ^ (see §4.4). 
The measurements have been made at ion beam energy of 1.5 MeV.
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3.6 X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is a technique that can be used to identify 
chemical elements on a surface and their electronic state, relative number and depth. This 
analysis can be used to determine the thickness of ultra-thin films (typically less than 
15 nm) on a substrate. Knowledge of an element’s electronic state provides information on 
its chemical state. In this thesis, XPS has been used to identify the elements present on the 
surface of mechanically polished Si substrates, the thickness of surface oxide layers, the 
oxide stoichiometry, and the oxidation states present at the Si-SiÛ2 interface. An overlayer 
of carbonaceous contaminates is identified, and the overlayer thickness and composition 
determined.
3.6.1 Principle of X-ray Photoelectron Spectroscopy
XPS derives its information through the energy analysis of low energy electrons (generally 
with kinetic energies in the range from 20 to 2000 eV) that are emitted from the sample 
under investigation [108], Electrons are emitted as a result of a photoemission process (i.e. 
the ejection of an electron from a core level by an X-ray photon). The energy of the 
emitted photoelectrons is analysed, and the data are presented as a graph of intensity (total 
number of counts) against electron energy.
The basic components of an XPS system consist of a source of monochromatic X-rays 
(usually A1 K„) and an electron analyser. These are mounted within a vacuum system 
operating in the ultra-high vacuum (UHV) range, below 10^ Pa. There are two reasons 
why a low ambient pressure is necessary. Firstly, it prevents significant scattering of 
emitted electrons by the ambient gases which would lead to their subsequent loss from the 
analysis. However, a relatively modest pressure below 10"^  Pa would be adequate for this 
task. The second more important reason, requiring UHV pressures, is the need to start with 
a well-characterised surface (i.e. to desorb loosely-bound contaminants such as water 
molecules) and to minimise the growth of new contamination during the analysis period.
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Figure 3.22 shows the process of photoemission. In this example, an electron from the K  
shell has been ejected from the atom. This electron is termed a /s  electron.
^ Ejected K electron 
^ (photoelectron)
------------ ^—  -  -------------------- Vacuum
  — L.  --------------------------  Fermi level
I
3 ---- # — — #— • — • ------- Valence band
Incident x-ray 
(hv)
Figure 3.22: Photoemission of an electron by an X-ray
The kinetic energy of the electron is the experimentally measured quantity. However, 
Etx is not an intrinsic property of the material and is dependent on the energy of the X-ray 
as well as its electronic state in its parent element. Instead, the binding energy Eg is used 
to specifically identify the electron, both in terms of its parent element and atomic energy 
level. Eg is taken as the energy required to just remove an electron from its initial level to 
that of vacuum. The relationship between the energies involved in an XPS experiment 
may be written:
E ^ = h v ~ E ^  - 0 ................................ 3.18
where h is Planck’s constant, v is the photon frequency and 0  is the spectrometer work 
function and is equal to the difference between the vacuum and Fermi energy levels. 
Figure 3.23 shows an example of a spectrum generated by samples used in this 
investigation. The electrons that are excited and escape without energy loss contribute to 
the characteristic peaks in the spectrum (e.g. labelled Si 2p, Si 2s, C Is and O Is); those 
that undergo inelastic scattering and suffer energy loss, usually due to the excitation of 
plasmons [109], contribute to the background spectrum.
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Figure 3.23; Portion of a wide-scan XPS spectrum obtained for the sample T(IOO). Three elements are 
identified on the surface and are silicon (generating the Si 2s and Si 2p peaks), carbon (the C Is peak) and 
oxygen (the O I s peak)
For a given elemental peak, the background spectrum associated with inelastic scattering 
processes appear at higher binding energies due to the reduction in an electron’s kinetic 
energy. As a result of these inelastic scattering processes, not all electrons can escape and 
the probability of detecting an electron originating from a specific depth falls off 
exponentially with depth [109]. To characterise the depth dependence of inelastic 
scattering, a parameter called the electron attenuation length Af is introduced. is a 
function of the energy of the photoelectron.
The XPS instrument used in this study was a SigmaProbe (manufactured by VG 
Scientific) equipped with a monochromatic A1 K« X-ray source and a concentric 
hemispherical electron analyser. The analyser was deployed at a take-off angle of 37° 
(relative to the plane containing a sample's surface) and has an electron acceptance angle 
of 60°, which is large enough to negate the effect of the diffraction of the photoelectrons 
by the crystal lattice [110] at the analyser. A beam size of 300pm was used for all 
measurements. Data were acquired for the Si2p, C ls and O ls spectra with an analyser
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pass energy of 50 eV. The X-ray line width is around 0.25 eV and an energy resolution of
1.0 eV is obtained for a pass energy of 50 eV.
3.6.2 Calculation of Aim thickness
The attenuation length of the film must be known in order to calculate its thickness. In 
this thesis, the value for silicon dioxide has been taken as that established by Seah and 
Spencer [111] and is 3.485 ± 0.019 nm. The presence of a carbonaceous layer on the 
silicon surface has also been identified (discussed at §4.6). To estimate the thickness of 
this layer an attenuation length for high density Poly(ethylene) HDPE, a hydrocarbon 
material, has been assumed to describe the attenuation in the unknown layer [112]. There 
are three methods by which the thickness of a film on a substrate may be calculated [113]. 
The simplest method is to measure the intensity of the peak originating from the film 7f 
which will increase with film thickness according to the Beer-Lambert relationship [109]:
..............................  3.19
where /f,d is the intensity of the peak corresponding to a film of thickness d, If^ oc is the 
intensity from an infinitely thick film, /If is the attenuation length and 0 is the take-off 
angle (the angle of emission of the electrons measured with respect to the plane containing 
the sample’s surface).
In a Si/SiOa system there are two choices for the oxide film peak: 1) electrons originating 
from the Is level in the oxygen atoms (the O Is peak); and 2) electrons originating from 
the 2p level of silicon atoms in the oxide (the Si 2p level). The later possibility exists 
because of the clear separation in the binding energies between the Si 2p substrate and 
oxide peaks. Due to inelastic scattering processes, an electron will not be able to escape 
from a film with a thickness of more than 15 nm or so, and no peak will be observed from 
the substrate. In this work, the intensity from an ‘infinitely thick’ oxide film was measured 
for a wafer, with a (100) orientation, which was subjected to an RCA clean followed by 
the growth of a thermal oxide with a thickness of approximately 17 nm. The intensity 
corresponding to an infinitely thick carbonaceous film was measured from a specimen of 
HDPE with a thickness of a few mm. Immediately prior to measurement, a scalpel blade 
was used to scrape the surface of this specimen to remove any contaminants on its surface.
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Conversely, one can measure the intensity of the Si 2p peak originating from the silicon 
substrate which will decrease exponentially with an increasing overlying film thickness 
according to the relationship:
J  — J  s i n ^ )  o  2 Q^s,d-^s,o^ ........................................
where 7s,d is the intensity of the substrate peak from a sample covered with a film of 
thickness d, and 7s,o is the peak from an oxide-free substrate.
Both of these methods, however, rely on the characterisation of two different samples to 
determine a film’s thickness. This has the disadvantage that reproducible analysis 
conditions are required between the two measurements. Furthermore, the data may require 
a sizeable correction for any overlayer of carbonaceous contamination, which may differ 
for each sample. The best approach (used here) is to base the analysis on the ratio of the Si 
2p peaks from the substrate and oxide. The thickness d o f a  film can then be calculated 
using the following equations:
rf=AfSin^ln(l +  l / 0  .............................  3.21
and Q is given by
6 = ( / s , d / 4 . d ) ( 4 . _ / 4 . o )  ....................................................... 3 - 2 2
where 6 is the take-off angle of the instrument, 7s,d is the intensity of the substrate peak 
which is covered with a film of thickness d, 7f,d is the measured intensity from a film of 
thickness d, fp,.. is the intensity from an infinitely thick film, and 7s,o is the intensity from a 
film-free substrate. In this study, the thickness of a layer of silicon dioxide has been 
calculated using a value of 0.9329 ± 0.02 for the ratio 7sio2,oo/7si.o, which has been 
determined for samples having ultrathin SiO? layers prepared by thermal oxidation [114].
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3.6.3 Oxide stoichiometry
The oxide stoichiometry has also been determined using XPS. This is calculated by 
comparing the ratio of the measured intensities corresponding to silicon with an oxidation 
state of +4 (i.e. originating from the oxide) with that of the oxygen peak.
3.7 Atomic Force Microscopy
Atomic Force Microscopy (AFM) is a technique [115] that can provide quantitative 
topographical information on a surface with very high resolution. Typically, less than 
3 nm lateral and 1 nm vertical resolutions can be achieved [116]. An advantage of this 
technique is that it can be used under normal ambient conditions with little sample 
preparation being required. By comparison, electron microscopy is carried in out in a 
vacuum environment and an insulating surface must be coated with a metal to achieve 
conductivity. In this work, AFM has been used to provide quantitative feedback - in the 
form of surface texture measurements - when developing the polishing techniques for the 
flat and cylindrical artefacts described in Appendix 1. AFM has also identified 
contaminants that are left after the polishing process, and has been used to monitor their 
effective removal with cleaning.
3.7.1 Principles of Atomic Force Microscopy (Nanoscope III)
The AFM used in this work is a Nanoscope III manufactured by Digital Instruments. Its 
main components are shown by Figure 3.24. AFM senses the interaction force between a 
probe tip and the surface being investigated. The tip is mounted on a flexible cantilever 
and is scanned over a sample’s surface in the X and Y directions. The height of the tip is 
usually maintained at a few nanometres above the surface. A laser beam is focused on the 
backside of the cantilever where it is reflected onto a quadrant photodiode detector. The 
detection system can determine the angle of deflection of the beam as a function of lateral 
position on the surface. In most designs, the probe is mounted stationary whilst the sample 
is moved beneath it using a piezoelectric actuator.
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Figure 3.24: Schematic diagram of the components of the Nanoscope III
A three-dimensional representation of the surface is achieved by monitoring the 
interaction between the tip and the sample as it scans over the surface. The interactive 
forces can be repulsive or attractive depending on the mode of operation (i.e. tip/sample 
interactions). Two modes of operation have been used in this study, namely contact and 
tapping.
3.7.2 Contact mode AFM
In contact mode AFM the tip and sample are in permanent contact with one another. The 
term ‘contact’ is used here to describe the condition when the Coulombic forces between 
atoms of the tip and sample are encountered. Electron shells from atoms on the tip and 
sample repel one another, preventing further intrusion by one material into the other. If 
further force is exerted, then both tip and sample will be damaged. Thus, the forces being 
measured in contact mode are repulsive. Topographical features on a sample’s surface will 
deflect the cantilever, which in turn, will move the position of the beam spot across the 
photodiode. This change in position is used by the feedback circuitry to move the sample 
in the Z direction to maintain a constant deflection of the cantilever which is proportional 
to the height of the topographical feature.
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3.7.3 Tapping mode™ AFM
In tapping mode, the tip is made to oscillate near the cantilever resonance frequency 
(typically around 100 kHz) using a piezoelectric crystal. When the tip is clear of the 
sample’s surface its amplitude of oscillation is unattenuated. As the tip is brought closer to 
the sample, the bottom-most point of each oscillation will come intermittently into contact 
with the sample i.e. it ‘taps’ the sample. In this regime, the forces of interaction are 
attractive van der Waals and the amplitude of the oscillation is now dampened. A feedback 
loop in this mode is used to maintain a constant amplitude of oscillation. Tapping mode is 
ideally suited for imaging soft biological samples where the higher forces of contact mode 
might damage the sample. This can equally apply to weakly bonded contaminants on a 
silicon surface that might be dislodged by contact mode. Furthermore, the variation of 
viscoelastic properties across a surface may be compared by phase imaging. In this mode, 
the phase lag between the signal that drives the cantilever oscillation and that detected by 
the photodiode is compared. Changes in phase lag reflect changes in the mechanical 
properties of the surface.
3.8 Chapter conclusions
VASE is the only technique with the potential to determine the physical thickness of all 
the structures that might be encountered on the surface of polished Si substrates. 
Furthermore, it is sensitive to sub-monolayer coverage [117] and has the distinct 
advantage of being able to operate under atmospheric conditions making it relatively 
straightforward to accommodate a 1 kg sphere of silicon with this type of instrument. In 
contrast, both RBS and XPS operate under vacuum conditions and are generally not 
equipped with goniometer stages that can accommodate large samples. Unlike XPS, which 
is a direct analytical technique, measurement of the thickness of ultra-thin layers by 
ellipsometry is reliant on knowing the composition and structure of a surface, and the 
optical constants of the materials in question. An objective of this work is to establish 
VASE as a stand-alone technique for determining the thickness of surface layers on 
Avogadro spheres. XPS, RBS and GW are capable of providing additional information on 
polished Si surfaces, to help develop an accurate physical model to achieve this objective.
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CHAPTER 4: Surface analysis of polished Si wafers 
4.1 Chapter overview
RBS, XPS and VASE have been used to determine the thickness of the oxide layers that 
form on single-crystal Si wafers with crystallographic orientations (100), (110), (111), 
(211) and (311). The VASE spectra were initially interpreted with a one-layer model that 
consists of a layer of amorphous SiO] on a crystalline Si substrate. A large discrepancy 
between the techniques was observed; the oxide thickness determined with VASE was 
significantly greater than that obtained by RBS and XPS. Subsequent chapters will 
examine the reasons fo r the discrepancy between the VASE and the RBS/XPS analysis. In 
addition to the oxide analysis, RBS channelling spectra obtained from mechanically 
polished Si substrates have shown that sub-surface damage occurs at the Si-Si02 interface, 
which is comprised of amorphous silicon and dislocation type defects. The XPS spectra 
have identified a region containing sub-oxides at the Si-SiOz interface, which extends 
between one and two atomic layers into the substrate. XPS analysis also reveals the 
presence of an adsorbed over-layer of carbonaceous material, whose composition is 
consistent with airborne contaminants. Finally, AFM has been used to quantify the level of 
surface roughness obtained for the mechanically polished wafers, and to identify 
particulate contaminants resulting from the polishing process and to monitor their effective 
removal.
4.2 Test samples
4.2.1 Crystallographic orientation
The RBS and XPS instruments are able only to study small coupons of material with a flat 
surface. A Si single-crystal prepared in this manner will have a surface that consists of a 
single crystallographic plane. In contrast, the surface of a sphere will be comprised of 
many different crystallographic planes, and as such, it is possible that a sphere's surface 
structure and composition will vary with the crystal orientation. For instance, it is known 
that SiOa growth-rate is dependent on the substrate orientation. A sphere's surface may 
therefore form an oxide whose thickness varies with crystallographic orientation. The
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composition of sub-oxides at the Si-Si0 2  interface is known to be dependent on the 
orientation of the substrate. There is also the possibility that sub-surface damage may be 
formed by the polishing process. The mechanisms that create both dislocations and 
amorphous regions in silicon are dependent on the mechanical properties of the crystal and 
may therefore be dependent on the crystallographic orientation.
Flat silicon surfaces have therefore been produced with different crystallographic 
orientations to investigate the impact of polishing by RBS, XPS, VASE and AFM. The 
surface orientations were (100), (110), (111), (211) and (311). Each orientation was 
chosen on the basis of its physical properties. In the fee diamond lattice, the (100) and 
(110) planes have the minimum and maximum surface atomic densities, being 6.78 x 10^  ^
and 9.59 x 10*''^  atoms cm‘^ , respectively. The <100> and <111> directions have the lowest 
and greatest values of Young's modulus, which are 130 GPa and 187 GPa [118], 
respectively. The <110> direction has a Young's modulus of 169 GPa. The (211) and 
(311) planes have been included to provide additional surfaces with physical properties 
that are intermediate to those stated above.
4.2.2 Sample preparation
Five highly-polished 2 inch wafers were supplied by Crystec GmbH with surface 
orientations of (100), (110), (111), (211) and (311). All the wafers had been cut from the 
same boule of nominally undoped Si, and their surfaces treated with a CMP process. A 
square piece, with a side length of 35 mm, was then cut from each wafer. These pieces 
were re-polished at NPL using the smoothing and polishing stages described in 
Appendix 1. Samples with an area of 1 cm^ were then cut and cleaned using cotton wool 
soaked with ethanol in preparation for testing. Both the mechanically polished samples 
(labelled T-treated) and the as-received CMP processed samples (labelled V-virgin) 
underwent the measurements. Six other samples (supplied from several sources) have been 
included in this study. These additional samples all have a (100) surface orientation and 
have been used to establish the composition and thickness of adsorbed overlayers of 
carbonaceous material and the oxide stoichiometry.
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4.3 Thickness of an oxide layer
Table 4-1 gives the values of oxide thickness determined for each of the five Si crystal 
orientations. The measurements have been made on the as-received (pre-fixed with a V) 
and mechanically polished (pre-fixed with a T) surfaces. In the RBS data analysis, the 
oxide stoichiometry was taken to be SiÛ2 and its atomic density assumed to be 6.6 x 10^  ^
atoms cm'^. The XPS values of oxide thickness are calculated assuming a value of 
3.485 nm for the electron attenuation length /lsi0 2  in the oxide, and 0.9329 for the ratio 
IsiO2,oo/Isi,0 (see §3.6.2). As described at §3.4.7, the initial strategy has been to interpretate 
the VASE spectra with a one-layer model in which it is assumed a surface is accurately 
described as an amorphous SiO? layer on a Si single crystal substrate. The optical 
constants for the Si02 layer and Si substrate are taken from the literature [25] and the 
thickness of the Si02 layer is adjusted to minimise the MSE value.
Table 4-1: A comparison of oxide thickness determined by RBS, XPS and VASE. The samples pre-fixed 
with a 'V are the as-received CMP wafers, those with a 'T' are the mechanically polished wafers. The crystal 
orientation is shown in parenthesis
Oxide th ickness  (nm )
Technique V(IOO) T(IOO) V(llO) T(llO) V(1U) T (ll l ) V(211) T(21I) V{311) T(311)
RBS 1.40 1.18 1.32 1.11 1.53 1.25 1.67 1.28 1.79 1.30
XPS 1.01 ... 0.97 ... 1.14 1.24 1.18 0.80
VASE 4.25 4.44 3.33 3.41 3.76 4.16 3.94 3.72 3.88 3.77
As evident from Table 4-1 there is a large systematic difference between the oxide 
thickness determined with RBS and XPS compared to that obtained by VASE, with the 
ellipsometry values being greater. This trend is easily observed when the oxide thickness 
is plotted for each sample as shown by Figure 4.1. The RBS and XPS values agree within 
their measurement uncertainties, which is estimated as ± 20% and ± 8%, respectively. The 
uncertainty evaluation for the VASE measurements has been made under the assumption 
that the one-layer model accurately describes the surface. An uncertainty of ± 6% is thus 
obtained whose largest contributions come from the measurement of the beam's angle-of- 
incidence and the standard error of the fitted model to the experimental data.
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Figure 4.1: The VASE estimation of oxide thickness is significantly greater than that by RBS and XPS. The 
uncertainties in the RBS, XPS and VASE measurements are estimated as ± 20%, 8%, and 6%, respectively
It must be emphasised that actual variations in the oxide thickness across the surface of a 
sample will contribute toward the observed differences. The VASE measurements, 
however, are made with the focusing probes in place which reduce the beam's diameter to 
around 0.2 mm at a sample's surface. As such, the surface locations from which data has 
been obtained by all three techniques are in close proximity to one another (i.e. within 
2mm) and the impact from surface inhomogeneities is therefore minimised.
4.3.1 Comparison between RBS and XPS measurements of oxide thickness
Reasonable agreement has been obtained between the RBS and XPS measurements of 
oxide thickness. However, the RBS values are consistently greater by an amount between 
0.04 nm (obtained for sample T211) and 0.61 nm (sample V311). Cole [119] reported a 
similar systematic trend between RBS and XPS, and proposed the inclusion of oxygen 
atoms bonded within an organic overlayer as producing an overestimation of oxide 
thickness by RBS. No quantitative analysis, however, was made to support this 
proposition. In the present study, an overlayer of carbonaceous material has been 
identified on the samples investigated with XPS. Quantitative analysis of the C Is spectra 
reveal the presence of oxygen within the overlayer, which has formed C-OH, C=0 and 
COOH bonds (details will be presented in §4.6.3). Subsequent analysis of the oxidation
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States within the O Is spectmm puts the an upper limit of 15% on the overestimation of 
thickness by RBS for our data. Thus, the impact of 'additional' oxygen atoms within an 
organic overlayer is not by itself sufficient to explain the discrepancy between RBS and 
XPS.
A further potential source of error arises from the assumptions made when analysing the 
XPS data. The calculation of the oxide thickness is dependent on knowing values for the 
electron attenuation length in the oxide and the ratio of the photoelectron intensities from 
the bulk materials. In our study, we have assumed a value of 3.485 nm for Asi0 2  and 0.9329 
for Isio2 ,oo/Isi,o- These values are taken from a study made of ultrathin Si02 layers that were 
prepared by thermal oxidation [111] and have an uncertainty of less than 1%. But they are 
derived from oxides that are stoichiometric. We will show (details will be presented in 
§4.7) that the oxides that grow on surfaces prepared by mechanical polishing will have 
stoichiometries that are oxygen rich (with a composition of around Si0 2 .4) likely due to 
silanol groups to form within the oxide and on its surface. The value of the electron 
attenuation length in Si is 2.82 nm [120]. Thus, X is increased by approx. 25% when 
changing from Si to SiÛ2 . A reasonable assumption is the attenuation length will be 
further increased for an oxygen-rich oxide, and has therefore led to an underestimation in 
the calculated oxide thickness reported in Table 4-1. In summary, the discrepancy between 
the RBS and XPS values of oxide thickness will be caused by at least two factors, one, 
attributed to the 'additional' oxygen atoms found within an organic overlayer, and a 
second, stemming from the assumption of the value for 2 si0 2 .
The oxide thicknesses obtained with RBS and XPS were found to vary between 0.8 and
1.8 nm. These values compare well with an upper limit of 1.4 nm reported for native 
oxides on chemically processed Si surfaces [26,27,28]. RBS analysis reveal the thickness 
of the oxides on the as-received CMP surfaces (V) were consistently greater than those 
obtained for the mechanically-polished surfaces (T). This increased thickness may be 
related to the fact that the CMP treated wafers were exposed to air for five years prior to 
their measurement, whilst the mechanically polished samples were exposed to ambient air 
for only a few months. It is not clear from these results, however, whether the purely 
mechanical polishing process creates a less thick oxide layer than the more common CMP 
process. In any case, the effect is relatively small.
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4.3.2 VASE measurement of oxide thickness
The agreement of the literature values for native oxide thickness is much poorer when 
compared to the VASE measurements, which gave values between 3.3 nm (sample V I10) 
to 4.5 nm (sample TlOO). An even greater thickness of 5.3 ±0.6 nm was reported for an 
Avogadro silicon sphere [21]. This value for the oxide thickness was determined with an 
ellipsometer and is the mean of six measurements made at different locations on the 
sphere's surface, which include the <100>, <110>, and <111> crystallographic directions. 
The VASE values given in Table 4-1 have been calculated with a one-layer model that 
consists of an amorphous SiO? layer on a crystalline Si substrate. The source of the Si02 
optical constants are the tabulated values for glassy Si02 given in Palik's Handbook o f 
Optical Constants o f Solids [25]. This approach, consistent with the maxim that a 
material's system should be described with the minimum number of unknown parameters 
[121], has likewise been used to interpret the ellipsometric spectra obtained from 
Avogadro silicon spheres [12,21,23,24]. In summary, in previous work and in the present 
work, ellipsometry analysis of silicon oxides yields thickness values that are always much 
higher than what has been obtained for native oxides and that obtained by other techniques 
on the same surfaces. A question must therefore arise as to whether there is a severe 
failure in the VASE data analysis that leads to incorrect values of oxide thickness. Hence, 
throughout the remainder of this thesis, the validity of the model will be assessed.
4.3.3 Variation of oxide thickness with crystallographic orientation
Measurements made at CSIRO [23] on a polished silicon sphere have shown a variation in 
the oxide thickness that is correlated with crystallographic orientation. An ellipsometer 
was used to determine the oxide thickness at different locations on a sphere’s surface. The 
mean values along the three principle crystallographic directions of <100>, <110> and 
<111> were found to be 7.4, 8.5 and 9.4 nm, respectively. The authors have since 
proposed that this effect might be due to a variation in the temperature generated locally 
by the polishing process. Figure 4.2 shows the oxide thicknesses values for the 
mechanically polished samples using RBS and VASE. The error bars are calculated for 
type A contributions only (i.e. those evaluated by statistical methods); Type B 
contributions (i.e. arising from systematic sources) have been excluded from the 
calculation as we are interested only in variation in oxide thickness between 
crystallographic orientations and not the absolute values of thickness.
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Figure 4.2; Oxide thickness values for the mechanically polished T wafers. The RBS data does not show 
a variation of oxide thickness with crystallographic orientation
The variation reported by CSIRO has not been observed for the samples re-polished at 
NPL. The RBS values of oxide thickness do not vary with crystallographic orientation by 
an amount that is greater than their associated uncertainties, which is ± 20%. The same is 
not true of the VASE data but the trend is different from that reported by CSIRO; the 
greatest oxide thickness was obtained for the (100) orientation and the least for the (110). 
The VASE measurements were subsequently repeated for a second batch of Si wafers to 
determine the reproducibility of the VASE result. These wafers were cut from the same 
boule of undoped Si used for the first batch of wafers, and have been mechanically 
polished in an identical manner. Figure 4.3 reports the results of this comparison between 
the two batches.
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Figure 4.3: Measurement of oxide thickness made with VASE for two batches of identically prepared 
and mechanically polished Si wafers
For both batches, the (100) orientation had the greatest oxide thickness. The remaining 
orientations of the second batch all yielded similar values for the oxide thickness. Having 
an oxide thickness that is greatest on the ( 1 0 0 ) orientation is at odds with the growth-rate 
data obtained by Deal and Grove [43] for thermal oxides (§2.3.5). According to Deal- 
Grove model, in the linear-growth regime (i.e. when the rate of incorporation of Si atoms 
in to the oxide network is surface reaction limited) the oxide growth-rate is dependent on 
the surface atomic density, and therefore the oxide thickness formed on a ( 1 0 0 ) orientation 
would be less than that on a ( 1 1 0 ) or ( 1 1 1 ) orientation, for the same exposure time and 
ambient temperature. This model, however, is restricted to oxide thicknesses above 30 nm. 
Below this value, the observed growth rates are much higher than those predicted by the 
linear-parabolic Deal-Grove model, and an exponential term may be added to enhance the 
growth-rate for dry thermal oxidation, as done by Massoud [47,48]. But the observed 
oxidation rate on a ( 1 0 0 ) substrate is still lower than for a ( 1 1 1 ) substrate.
Previous comparisons of oxide growth rates at room temperature are limited to studies of 
the technologically important hydrogen passivated surfaces i.e. Si surfaces that are 
terminated with Si-H bonds. One study [58] found the growth-rate was quickest for the 
(100) orientation, followed by the (110) and (111) surfaces. But the mechanism for the
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room temperature oxidation of hydrogen passivated surface is likely to be very different 
from that of a mechanically polished surface. For example, the oxidation of a passivated 
surface is designed to be slow, and proceeds by finding favourable bonding sites with 
lower activation energies (e.g. the Si-Si back bond of the surface Si-H bond).
As described later in this thesis, the VASE measurement of oxide thickness are dependent 
on the optical model used to interpret the spectra and the values shown in Figure 4.3 have 
been obtained with an overly-simplistic one-layer model that does not include adsorbed 
contaminants and sub-surface damage.
4.4 Damage to the lattice structure
RBS channelling measurements have been made on the wafers in their as received (i.e. 
treated with a CMP process) and mechanically polished states. All ten samples (five V and 
five T) from the first batch of wafers were each measured with 1.5 MeV ‘^He'*’ ions in a 
channelling configuration. The measurements were repeated after an interval of one year, 
during which time the samples were analysed by VASE and XPS. An ion beam diameter 
of 1 0  pm was used thereby minimising the effect of surface inhomogeneities when 
comparing the results with those determined by VASE and XPS. The solid angle Q 
subtended by the detector was evaluated by the use of an amorphous Si standard that was 
produced by the implantation of Si ions at liquid nitrogen temperature [122]. Accurate 
stopping powers of He in Si [123] were used to calculate Q from the best-fit to the 
measured random spectrum with the programme WINDF [124].
4.4.1 Backscattered yield and crystal damage
The process of removing material by abrasion (e.g. mechanical polishing) is known to 
create both dislocations and amorphous regions within a Si lattice. The backscattered yield 
of RBS is sensitive to damage in the Si lattice when the instrument is used in a channelling 
configuration (see §3.5.6). Figure 4.4, parts (a) to (e), give the measured energy spectra of 
the He ions that are backscattered from the CMP and mechanically polished wafers. Part f) 
has been included for information and shows the measured and simulated spectra (divided 
by a factor of 4) which were obtained for the amorphous Si standard when used to 
determine the solid angle Ü.
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Figure 4.4: Energy spectra of 1.5 MeV He ions backscattered from Si crystals of different orientation: a) 
<100>, b) < 110>, c) <111>, d) <211> and e) <311>. The spectra of CMP treated material are shown in 
blue, while the mechanically polished ones are red. Included for comparison is part f) which shows the 
measured and simulated spectra (divided by a factor of 4) that were obtained for an amorphous Si standard
The presence of sub-surface damage (i.e. Si atoms occupying non-lattice positions in the 
near surface region) will produce two quantifiable effects in the energy spectra: 1 ) an 
increased Si surface peak; and 2) a de-channelling of the ion beam which results in a 
higher backscattered yield from a given penetrated depth within the crystal. Both effects 
are evident in the spectra of Figure 4.4, which reveal the mechanically polished samples 
have a higher backscattering yield than the CMP treated ones. This result suggests the 
existence of additional damage introduced by the mechanical polishing process which is 
greatest for the higher-index axes <2 1 1> and <311>, parts (d) and (e), and lowest for the 
<110> axes, part (b), for which nearly no additional damage is seen. The data presented 
are for measurement B; the first measurement (A) gave the same result.
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Three types of damage would create an increase in the backscattering yield, namely 1) 
interstitial point defects i.e. Si or impurity atoms at non-lattice sites, 2) dislocation type 
defects, and 3) amorphous Si. Of these, the likelihood of significant levels of interstitial 
point defects is remote. Evidence for existence of an amorphous region and dislocation 
loops resulting from mechanical polishing have been discussed in §2.5.4. Both of these 
structures, either singly or in combination, could explain the increase in the backscattered 
yield. Furthermore, the conversion of the measured yield of displaced Si atoms to a depth 
(i.e. the thickness of the damaged layer) below the Si-Si0 2  interface is reliant on knowing 
the type of defect stmcture involved.
4.4.2 Thickness of amorphous Si regions
The most straightforward approach when interpretating the RBS channelling spectra is to 
assume the enhanced backscattered yield results from a fully amorphised region of Si 
atoms. The thickness of an amorphous Si layer may then be estimated from the Si surface 
peak using the method described in §3.5.6. The VASE spectra have also been re- 
interpretated with the addition of an amorphous Si layer (a-Si) between the SiOz layer and 
the Si substrate. In keeping with the strategy employed with the one-layer model, the 
optical constants of this additional layer have been taken from the literature and the 
thicknesses of the SiOz and a-Si layers are varied to obtain the best fit to the measured 
spectra. The optical constants for a-Si are those reported by Palik [25] and were 
determined from several samples of a-Si material prepared by different methods (i.e. 
evaporation, sputtering and glow-discharge methods). The two-layer model is summarised 
by Table 4-2.
Table 4-2: Two-layer model. The optical constants of Si, 
a-Si and SiOa are taken from literature and dsio2  and d^ .si are 
varied to obtain the best fit to the experimental data
SiO]: Palik Fit thickness, dsioi
a-Si: Palik Fit thickness, das\
Si: Tabulated
Again, it is emphasised that the VASE and RBS measurements have been made in close 
proximity to each other on a sample's surface by virtue of the small beam sizes that have 
been employed by both techniques. The values of the amorphous Si layer thicknesses are 
summarised in Table 4-3.
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Table 4-3: A comparison of amorphous layer thickness determined by RBS and VASE
Amorphous Si layer thickness (nm)
Technique VlOO TlOO VllO TllO Vl l l Ti l l V211 T211 V311 T31I
RBS 0.71 2.67 0.36 0 . 6 6 0.19 2.73 0.41 4.98 0.43 4.46
VASE 0 . 2 2 0.39 0.23 0 . 2 2 0 . 2 1 0.40 0.24 0.75 0 . 2 0 0.52
The results presented in Table 4-3 demonstrates the effectiveness of the CMP process to 
minimise damage in the final polished surface; the thickness of an amorphous layer 
estimated with RBS was found to vary between 0.19 nm (obtained for sample V I 11) to 
0.71 nm (sample VlOO) for the CMP treated surfaces. This result compares with 0.66 nm 
(sample T 110) to 4.98 nm (sample T211) for the mechanically polished surfaces.
6.0
5.0
4.0
3.0
Ec
(/)(D 3
CO
i  2.0
GC
1.0
0.0
♦ RBS A
A VASE
It
A
A A1 i
A
♦
O O t- T- 1-cÿj cô1- 1- h- 1- 1-
0.8
0.6
Ec
(/)
0 )
0 .4  C^O >
LUCO<
0.2 >
Figure 4.5: The thickness of sub-surface a-Si layers for the mechanically polished wafers. The RBS 
values are approximately an order of magnitude greater than those obtained with VASE
Figure 4.5 shows the amorphous Si layer thickness determined by RBS and VASE for the 
mechanically polished samples. It should be noted that the measured thickness values 
obtained with each technique are plotted on separate ordinate axes which have different 
scales. For all samples, the thickness of the sub-surface a-Si layers estimated by RBS were
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greater than those determined by VASE, the difference being about an order of magnitude. 
This difference is not surprising when taking into account the disagreement with respect to 
the thickness of the oxide layer. There exists, however, a strong degree of correlation 
between the two techniques, which is quantified in Figure 4.6 where an R-squared'“ value 
of 0.89 is obtained. Thus, both techniques are sensitive to the presence of damaged region 
and, more importantly, both agree on the relative amount of damage between the crystal 
orientation. This strong correlation allows the possibility of developing a model for the 
VASE analysis of the mechanically polished surfaces which is consistent with the RBS 
data.
a-Si layer thickness
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Figure 4.6: Correlation in the sub-surface a-Si layer thickness values 
determined by RBS and VASE
A second important observation is the fit of the VASE model is significantly improved by 
the inclusion of an amorphous Si layer. This is demonstrated by Table 4-4 which 
summarises the MSE values obtained for the fitted one and two-layer models. A reduction 
in the MSE values up to 45% is obtained when the two-layer model is fitted to the 
measured spectra. This is true of both the CMP and mechanically polished wafers but was 
more evident for the mechanically polished surfaces where the improvement in the MSE is 
greater.
“ R-squared value is the square of the correlation coefficient obtained for two variables; a value of 1 means 
there is perfect positive or negative correlation between the variables, a value of 0  means there is no 
correlation
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Table 4-4: MSE values obtained for the fitted VASE spectra 
for the one and two layer models. The inclusion of an a-Si 
layer in the two-layer model has improved the quality of the 
fit for both the CMP and mechanically polished surfaces
MSE values
Sample One-layermodel
Two-layer
model
Reduction
%
VlOO 1.92 1.50 2 2
VllO 1.84 1.36 26
V l l l 1.73 1.33 23
V211 1 . 8 6 1.36 27
V311 1.69 1.26 25
TlOO 2.61 1.64 37
Tl lO 2 . 0 0 1.54 23
T i l l 3.24 2.38 27
T211 4.47 2.63 41
T311 3.22 1.78 45
The creation of a thicker a-Si damage layer in the <100> direction, when compared with 
the < 1 1 0 >, might be explained by the variation of the critical values for the onset of 
amorphous phase transition predicted by Zhang [8 6 ] with his octahedral stress model', 
values of 4.6 GPa and 7.6 GPa are calculated for the <100> and <110> directions, 
respectively. According to Zhang's data, however, the remaining orientations should have 
critical values that fall between those of the < 1 0 0 > and < 1 1 0 > directions, and would give 
rise to intermediate values of oxide thickness. But from Figure 4.5 we see the <211> and 
<311> directions have the greatest levels of damage. In the next section we see that the 
sub-surface damage is more likely to be comprised of an amorphised region with 
dislocations extending further into the crystal lattice.
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4.4.3 Evidence for dislocations?
As seen in Figure 4.4, damage at the Si-SiOi interface not only enhances the Si surface 
peak but also influences the dechannelling behaviour of the analysis ions. An estimation of 
the depth of an amorphous region may be made from the conversion of the backscattering 
yield versus channel number into the difference in the minimum yield versus depth. The 
difference in the minimum yield is calculated from
4.1
R a
where Ft is the measured backscattered yield from a treated sample, Fy the measured 
backscattered yield from a virgin sample and Frû is the backscattered yield from an 
'infinitely thick' amorphous sample. Here, an infinitely thick sample means a layer 
thickness which is greater than the depth by which an ion is able to penetrate the crystal 
and then have enough energy to escape the surface via a backscattering event. A value for 
Fr3 has been obtained from the measured backscattered yield for the amorphous Si 
standard used to calibrate the solid angle at the detector Q (see Figure 4.4, part f).
The conversion of the channel numbers to a depth requires their energy calibration which 
was measured as 3.03 keV per channel with a zero channel value of 59.6 keV. The 
calculated backscattered ion beam energies are then converted to depth values from 
knowledge of the material's stopping power (§3.5.3). Figure 4.7 shows the difference in 
the minimum yield as a function of depth z for the samples TlOO, T 111, T211 and T311. 
Sample Tl lO has been excluded as its value of A%min was effectively zero; there was no 
discernable difference in the backscattered yields from the CMP and mechanical polished 
samples seen in Figure 4.4, part b. Two sets of data (labelled A and B) are presented for 
each sample, and correspond to the two separate channelling experiments made one year 
apart. The zl^ inin spectra were calculated using the DICADA programme (Dechannelling 
of Ions And Defect Analysis) [125].
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Figure 4.7: Difference in minimum yield AXmm versus depth z for mechanically polished Si samples with 
crystal orientations <100>, <111>, <211> and <311>. A and B correspond to two different measurements 
made one year apart. The thick solid lines are calculated spectra assuming amorphous surface layers with 
thicknesses as given in the figure.
The data in Figure 4.7 was interpretated with a model consisting of an amorphous Si layer 
on a single-crystal Si substrate, whereby the thickness of the a-Si layer is varied within the 
DICADA programme to obtain the best fit to the experimental data. The results are 
summarised in Table 4-5 and a comparison is made with the thicknesses estimated from 
the Si surface peak. The a-Si layer thicknesses estimated from the AXmin spectra are all 
greater than those determined from the Si surface peak. The difference in the values is 
significant and varies from a factor of 2 to 4. This discrepancy disproves the hypothesis 
that the damage is solely amorphous in nature.
Table 4-5: Amorphous layer thicknesses estimated from the Si 
surface peaks and AZmia spectra
Amorphous Si layer thickness (nm)
< 1 0 0 > < 1 1 1 > <2 1 1> <311>
Si surface peak 2 . 0 2.5 4.6 4.0
Akinin 5 1 0 15 1 0
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The increase in the backscattered yield was greatest in the <211> and <311> directions 
and lowest for the <110>. If the number of dislocations are significant, the increase in the 
backscattered yield might result from a greater dislocation density for the higher index 
orientations and/or dislocations that extend further into the crystal. Both mechanisms 
would increase the backscattered yield. It therefore seems likely that the damage is formed 
by a mixture o f amorphous Si and dislocations that penetrate further into the Si ciystal. 
Such a model agrees with the observations made in the literature which describe the types 
of damage that are created in crystalline Si by abrasive polishing processes (see §2.5.4).
For the diamond lattice, slip occurs on {111} planes along the three <110> directions that 
lie within the slip plane and are described by the Burgers vector 16<110>. The mechanical 
polishing process used to prepare the samples studied in this investigation is analogous to 
the three-body contact sliding mechanism presented by Zhang and Tanaka (see Figure 
2.11). The prediction of the magnitude and direction of the resultant force that arises from 
the contact between a wafer's surface, the polishing lap and a single particulate is unknown 
and would vary from instant to instant. However, there may be a net resultant force when 
considering the interactions between the many particulates of the polishing slurry in 
contact with wafer at any given moment. It is speculated that the greater damage for the 
higher index samples is brought about by the direction of such a net resultant force being 
closest to that of the slip planes for these samples.
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4.5 Structure of the Si-SiOi interface
Studies of thermally grown oxides have shown that the compositional transition from Si to 
SiOz occurs through a region that contains sub-oxides that extends between one and two 
monolayers (§2.4.1). For example, an ideally truncated Si(lOO) surface would consist of Si 
atoms with two broken bonds. An atomically abrupt Si(1 0 0 )-Si0 2  interface would 
therefore consist of only Si^  ^ oxidation states. In the same manner, an atomically abrupt 
Si(l 10-SiOz interface would consist of only Si‘^  and Si^  ^oxidation states. High resolution 
core-electron spectroscopy measurements, however, have shown the existence of all three 
sub-oxide states at both the Si(lOO)- and Si(lll)-SiOz interfaces, which infers a non- 
atomically abrupt interface [59]; the experimental results were interpreted by an interface 
structure that extended over two monolayers for both crystallographic orientations.
4.5.1 Analysis of Si oxidation states
Figure 4.8 shows the measured Si 2p spectrum (in red) obtained from a mechanically 
polished Si(lOO) substrate. A quantitative analysis has been made by fitting 
Gaussian / Lorentzian peaks to each of the Si 2 p chemically-shifted binding energies. Six 
component peaks (in blue) have been used to fit the spectrum, and their quantification 
details are given in Table 4-6. The peak intensities, measured as counts per second, are 
determined with respect to the datum line (in green) that was established using the Shirley 
background method [126]. From low to high binding energy, the first two peaks originate 
from the Si substrate atoms (i.e. corresponding to an Si  ^ oxidation state) and are the 2 p3/z 
and 2pi/z spin-orbit partner lines. Spin-orbit splitting is an atomic property and is therefore 
independent of the chemical environment [127]. The separation of the Si 2p spin-orbit 
lines has been established in the literature [59] as 0.6 eV and the intensity of the 2pi/z state 
is statistically half that of the 2 p3/z state; these values for the 2 pi/z peak were constrained 
when fitting the data.
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Figure 4.8: The measured spectrum (shown in red) of the Si 2p region obtained for sample T( 100). Six G/L 
peaks (shown in blue) have been fitted to the spectrum and their combined envelope is shown in black
Table 4-6: Peak quantification data for the Si 2p spectrum analysis
Name BE Centre 
(eV)
Intensity 
(c s ')
Intensity
Ratio
Peak area 
(c s '.eV)
Area
Ratio FWHM(eV)
L/G
(%)
Si 2pi/2 99.70 804.75 1 . 0 0 536.66 1 . 0 0 0.64 30
Si 2p3/2 100.30 403.75 0.50 269.25 0.50 0.64 30
Si'" 100.64 34.26 0.04 46.40 0.09 1 . 6 6 30
Si-" 101.55 4.66 0 . 0 1 6.31 0 . 0 1 1.30 30
Si'" 1 0 2 . 6 8 71.47 0.09 96.81 0.18 1.30 30
Si^" 103.77 264.26 0.33 457.59 0.85 1.30 30
The spectrum corresponding to the chemically-shifted oxidised state is asymmetrical, 
which indicates the presence of one or more sub-oxides. As a consequence, the component 
corresponding to the oxidation state Si'^  ^ (i.e. a silicon atom coordinated with four oxygen 
atoms) has been determined by matching the profile of its peak with the leading edge (at 
high BE) of the measured spectrum, thereby determining its FWHM and intensity. The
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measured asymmetry is more clearly see in Figure 4.9 where only the component peaks 
for the Si% 2 pv2 and 2 p , /2 states are shown. The measured separation between the fitted 
Si"^  ^ and Si 2 p3/2 states was +4.1 eV and is in good agreement with the value of +3.9 eV 
determined by Himpsel for thermal oxides [59].
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Figure 4.9: Component peaks corresponding to the Ipyi  and Zpi/? states. The asymmetry of the 
oxidised states are clearly visible
The peak intensities and binding energies of the sub-oxides states were adjusted to obtain 
the best-fit to the remaining spectrum. For this process, their FWHM values were fixed at 
1.30 eV, which is a value that is intermediate to the measured Si'^ '^  (i.e. 1.66 eV) and 
states (i.e. 0.64 eV) and is physically reasonable. The fitted sub-oxide peaks labelled Si'^, 
Si“^  and Si^  ^ in Figure 4.8 were found to have increased in their binding energies by 
amounts of 0.9, 1.8 and 3.0 eV, respectively, when compared with the 2 pi/2 peak. These 
compare with values of 1.0, 1.8 and 2.7 eV [128] and 1.0, 1.8, 2.5 eV [129] from the 
literature. The increase in the binding energy for the Si^  ^ is therefore greater than those 
reported in the literature. However, our results show that a linear increase in binding
1 0 0
energy occurs for each valence electron that is shared with an oxygen atom, which agrees 
with past experience obtained with metal oxides.
The ratio of the areas of the combined sub-oxide peaks to that of the Si'^ '*’ peak is 0.33, 
which is consistent with an interfacial region of between one and two monolayers. The 
peak quantification in Table 4-6 shows that the peak is the most abundant sub-oxide 
peak, followed by the Si'"  ^and Si^  ^peaks. A similar distribution of states was observed for 
the oxides formed on the mechanically polished Si(l 10) and Si(l 11) substrates. The ratios 
of the areas for the (110) and (111) crystals were 0.35 and 0.28 respectively, showing a 
similar thickness for their interfacial regions.
4.5.2 Depth profiling the sub-oxides
According to the literature established for the thermally grown oxides on CMP processed 
substrates (§2.4.1) the sub-oxides occur at the Si-SiOz interface. The mechanism of sub­
oxide formation should apply in the same manner for mechanically polished surfaces. To 
test this hypothesis, an ion beam etch was used to provide a depth analysis of the sub­
oxides. Figure 4,10 shows the O Is peak analysis obtained for a polished oxide on a 
Si(lOO) substrate, and the peak quantification data is provided in Table 4-7. The most 
abundant peak must correspond to the 0 “' oxidation state (i.e. photoelectrons from the 
O Is core state in SiOz). At a higher binding energies, we would expect to find the 
hydroxyl groups (i.e. SiOH, COH) corresponding to an oxidation state. In this 
example, obtained for the sample T(IOO), the BE has been shifted by +1.0 eV with respect 
to oxidation state. Analysis of a further three samples i.e. T(110), T(111) and T(211), 
gave increases in BE from +1.0 and 1.2 eV. This range of values is in good agreement 
with those established in the literature for metal oxides which report hydroxyl peak shifts 
of + 1 . 2  [130] and +1.3 eV [7]. The remaining peak with the lowest binding energy must 
therefore arise from an oxidation state of , where X>2. A Si rich interfacial region 
would provide such a state and is the most likely source for the peak at the lower BE.
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Figure 4.10: The measured spectrum of the O Is region obtained for sample 
T(IOO). Three G/L peaks have been fitted to the spectrum
Table 4-7: Peak quantification data for the 01 s spectrum obtained for sample T( 100)
Name BE Centre 
(eV)
Intensity 
(c s ')
Intensity
Ratio
Area 
(c s '.eV)
Area
Ratio
FWHM
(eV)
L/G
%
q A 532.68 502.65 0 . 2 1 628.51 0 . 2 1 1.30 30.00
O" 533.46 2431.22 1 . 0 0 3039.96 1 . 0 0 1.30 30.00
O' 534.50 418.23 0.17 522.94 0.17 1.30 30.00
The modification of the O Is spectrum through an ion beam etch sequence confirms the 
origins of the peaks. Figure 4.11 shows how the O Is spectra are modified when a 3kV 
Ar^ beam was used to progressively sputter material from the surface. Table 4-8 
summarises the variations of the fitted peak areas with etch time. With increasing etch 
time (the O Is spectra have been recorded after exposure to the ion beam for 0, 120, 180 
and 240 seconds respectively) we see that the oxide 0 “‘ and hydroxyl O' peaks are 
diminished with successive etch times. In contrast, the peak shows an initial increase 
after the first exposure of the surface to the ion beam before reducing in value. The 
increase in the sub-oxide peak is most likely due to preferential etching of the oxygen
1 0 2
by the argon ion beam [131] and thereby the creation of Si rich bonds within the oxide. 
The intensity of the peak then reduces as the oxide is removed and the interface is 
exposed.
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Figure 4.11: XPS spectra of the O Is region following ion beam etching. The spectra (top left to bottom 
right) are obtained after etch times of 0, 120, 180 and 240 seconds
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Table 4-8: Variation o f the fitted O Is peaks with etch time
O 1 s Peak Area 
(c s'\eV)
Etch time of: Q i off:
(secs) SiOH/COH SiOz SiOx
0 522 3 039 628
1 2 0 199 1479 1 129
180 114 774 1 114
240 65 407 921
4.6 Adsorption of a carbonaceous overlayer
4.6.1 Sample treatment and storage
All the samples investigated with XPS were cleaned with a common procedure prior to 
their storage and measurement. The cleaning procedure consisted of soaking a cotton- 
tipped bud with ethanol and, with a firm pressure, wiping over the suiface of a sample 
thereby creating a cleaned strip. This process was repeated several times for each strip, 
before moving on to an adjacent strip. Care was taken to ensure that each cotton-tipped 
bud was only used for a single wipe before being discarded and a replacement bud used. 
The cleaned samples were then stored at room temperature in containers manufactured 
from styrene for periods from 4 and 16 weeks prior to their measurement by XPS.
4.6.2 Detection of a carbonaceous overlayer
Figure 3.23 shows a portion of a 'wide-scan' spectrum used for elemental identification 
(the full binding energy range was up to 1200 eV) and was typical of the spectra obtained 
for ail the samples. Three elements have been identified, namely Si, C and O. The 
presence of a C Is peak is consistent with an overlayer of organic-based material, which is 
anticipated for a surface exposed to ambient conditions [132,133]. Depth profiling with a 3 
kV Ar'*' beam has confirmed that the carbonaceous layer forms on the surface above the 
oxide.
104
4.6.3 Analysis of overlayer composition
Carbon-based contaminants that are present in ambient conditions fall into four distinct 
carbon and oxygen functional groups, which are hydrocarbon C-H, alcohol C-OH, ketone 
C=0 and carboxylic acid COOH. The C Is binding energies of each group have been 
determined by Cumpson [7] and Seah [134]. Figure 4.12 is a narrow-scan spectrum of the 
C Is peak obtained for the sample T(IOO). The fitting of Gaussian/Lorentzian peaks has 
provided a quantitative analysis of the carbon and oxygen functional groups present in the 
overlayer. Four binding energy states have been identified; analysis of their peak binding 
energies confirm they correspond to the functional groups of C-H, C-OH, C=0 and 
COOH, and have been labelled accordingly in Figure 4.12. The measured BE values of 
each peak are reported in Table 4-9.
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Figure 4.12: Gaussian/Lorentzian peak fit of the C Is spectrum obtained for sample T(iOO). The four 
peaks correspond to the functional groupings C-H, C-OH, C=0 and COOH in ascending BE
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Table 4-9: Measured C Is peak binding 
energies (eV) for the C and O functional groups
BE Attribution
(eV)
285.8 Hydrocarbon, C-H
287.4 Alcohol, C-OH
289.0 Carbonyl, C=0
290.0 Carboxylic acid, COOH
The composition of the carbonaceous overlayer was consistent for all the samples 
investigated. In common with a study of adsorbed carbonaceous contamination on the 
surface of Pt-Ir mass standards [7], the most abundant grouping was that of hydrocarbons. 
A comparison of the relative intensities of these groupings across six measured samples 
revealed that, on average, the C-H bonds make up 80% of the carbonaceous overlayer, 
with a further 15% from C-OH bonds and the remaining 5% from C=0 and COOH. 
Knowledge of the relative amounts of C, H and O in the overlayer has provided qualitative 
agreement with the value of the overlayer's refractive index determined with VASE 
(details are presented in §6.4).
4.6.4 Overlayer thickness and uniformity
The methodology used to estimate the thickness dc of an organic overlayer has been 
described in §3.6.2 and is based on the evaluation of the Beer-Lambert relationship, which 
is given by:
1  sin ^ In 1 -
where ^  is the electron attenuation length in the carbonaceous layer, 6 is the take-off 
angle, is the measured intensity of the C Is peak and is the measured intensity from 
an 'infinitely' thick carbonaceous layer. Given the high content of hydrocarbons {ca. 80%) 
in the carbonaceous overlayer it has been assumed the density of carbon-based bonds in 
this layer is the same as that found in high density poly(ethylene) (HDPE) which consists 
entirely of C and H. I„ was thus determined experimentally from a sample of HDPE with a 
thickness of several mm, and a value of /îc of 3.8 nm is taken from published data for
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HDPE [112]. The overlayer thickness was then calculated from the measured values of Id 
and /«, and the assumed value of Àc.
As described previously, the cleaned samples were stored in styrene containers for periods 
from 4 to 16 weeks prior to their analysis by XPS. Five sample wafers were analysed at 
several different locations on their surfaces. The overlayer thickness was found to vary 
from 0.9 to 1.3 nm between the samples with no correlation with the storage time. More 
significantly, the thickness of the carbonaceous overlayers was found to be very uniform 
across each sample with the maximum variation being less than 0 . 1  nm; a uniformly thick 
layer has the advantage of reducing the number of fitting parameters required by the 
VASE model to accurately describe a surface. The impact of surface cleaning was 
investigated for a further six samples. These new samples were cleaned with ethanol 
immediately prior to their analysis by XPS. The overlayer thickness of the freshly cleaned 
samples ranged from 0,5 to 0.8 nm, indicating the cleaning process was effective at 
removing 0.4 to 0.5 nm of physisorbed contamination.
4.6.5 Origins of the carbonaceous overlayer?
The origin of the organic layer cannot be determined absolutely. One source of 
contamination could be airborne oils and similar organic matter. Any weakly physisorbed 
matter, however, would be expected to desorb in the vacuum during the XPS measurement 
which has an ambient pressure below 10’^  Pa. It therefore seems that the organic layer is 
more strongly bound. A second possible source of contamination could be the ethyl 
alcohol used to wipe the surfaces after polishing.
It is well known that silicon alkoxides are readily hydrolysed in water in the presence of a 
catalyst [94]. This hydrolysis, followed by the condensation of the hydroxyl groups, is the 
basis for the sol-gel synthesis of silicon dioxide [135]. In an excess of alcohol, however, 
the hydrolysis reaction can be reversed via the reaction:
Si - O H  HOEt  -> SiOEt + H O H ................ 4.3
Here, Et represents an ethyl group (C2H5). Si-OH represents a silanol group present on the 
oxide surface. After polishing in the presence of water, the oxide surface is expected to be
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heavily hydroxylated with an estimated 5 to 7 Si-OH groups nm'^ [94,99]. An alkoxide 
group (SiOEt) at the oxide surface would be subject to hydrolysis by water in the ambient i
atmosphere, but in the absence of an acidic or basic catalyst, the reaction would be very ■
slow. The group could therefore be stable for extended periods of time. '
Any ethyl group on the oxide surface would contribute to the C-H detected by XPS. The 
size of the ethyl group is approximately 0 . 2  nm, and so the organic layer cannot be 
attributed to a single layer. The presence of ethoxy groups, however, would render the 
oxide surface more lyophilic and thereby make it more prone to adsorbing organic 
molecules.
4.7 Oxide stoichiometry
Table 4-10 reports the measurements of oxide stoichiometry made with XPS. The 
stoichiometry of each sample was initially determined by calculating the ratio of the peak 
areas of oxygen (i.e. O Is) and silicon with an oxidation state of +4 (i.e. Si 2p'^ '^ ), The 
calculated ratios are reported in the column headed 'Stoichiometry' in Table 4-10 and have 
an estimated uncertainty of ± 10%. The calculated values are unrealistically high and yield 
average values for the stoichiometry of SiOs.so and SiOsji for the CMP and mechanically 
polished wafers, respectively. Furthermore, the sample S(vl) is a wafer that has undergone 
a CMP process followed by the growth of a thermal oxide to a thickness of 16 nm. One 
would expect the stoichiometry of this oxide to be 2 .0 , whereas the measured value is 
2.29.
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Table 4-10: Measurement of the oxide stoichiometry for CMP and mechanically 
polished Si surfaces
Sample
identification
Surface
preparation
Stoichiometry Corrected
stoichiometry
S(vl) cmp / thermal 2.29 1.98
10(v3) sputtered / native 2.56 1.90
1 0 (v2 ) cmp / native 3.21 2.39
111(B) cmp / native 3.76 2.84
211(C) cmp / native 3.57 2.75
311(A) cmp / native 3.47 2 . 6 8
lG(t5) polished / native 2.91 1 . 8 6
9(1) polished / native 3.94 2.90
1 0 Q(t2 ) polished / native 3.46 2.50
2 1 1 (t2 ) polished / native 2.63 2.07
31103) polished / native 3.62 2.60
In the above calculations, the assumption is made that all the oxygen atoms detected on a 
surface reside within its oxide layer. XPS analysis, however, has shown that some of the 
oxygen atoms reside within an adsorbed carbonaceous overlayer where they form C-OH, 
C=0 and COOH bonds (see §4.6.3). The composition of these functional groupings was 
found to be consistent across the samples studied (i.e. C-H makes up 80% of the 
carbonaceous overlayer, 15% originates from C-OH and the remaining 5% from C=0 and 
COOH) which makes it possible to estimate the relative amount of oxygen atoms within 
an overlayer, to that of carbon atoms. This quantification gives four carbon atoms to each 
oxygen atom, which in-turn may be used to correct the measured O Is peak area so that 
only oxygen atoms residing in the oxide are used in the calculation of its stoichiometry.
The corrected values of oxide stoichiometry are given in Table 4-10 in the column headed 
'Corrected stoichiometry'. A value of SiOi.gg is now obtained for the thermally oxidised 
surface which is anticipated. The oxide on Sample 10(v3) was also found to be close to 
being stoichiometric and was formed in ambient air conditions following the removal of 
its original oxide with an ion beam etch. The native oxides formed on the CMP processed 
and the mechanical polished wafers have stoichiometries that are oxygen rich, and have 
average values of SiOi.ee and S1 0 2 .39 , respectively. These two surface treatments both use a
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water based polishing slurry. It is known that oxides formed during exposure to steam in 
the growth atmosphere have higher concentrations of silanol groups within the oxide (see 
§2.3.3) and a silicon surface exposed to water becomes hydroxylated [94]. These presence 
of silanol groups within the oxide (with their non-bridging O atoms) and Si-OH on the 
surface will increase the ratio of oxygen to silicon and provides an explanation for the 
oxygen rich stoichiometries.
1 1 0
4.8 Surface texture measurement
4.8.1 Checking the AFM performance with traceable standards
The performance of the AFM was checked against a reference silicon grating'^ at the start 
of each day. The grating was supplied with a calibrated step-height of 25 nm and has an 
associated uncertainty of ± 2.0 nm. The period of the gratings was stated on the calibration 
certificate as 3.0 pm but no uncertainty in this dimension was provided. Figure 4.13 is a 
typical image generated by the AFM of the grating; the scan-size was 20 x 20 pm and the 
AFM was used in its contact mode. Figure 4.14 gives the corresponding sectional analysis 
which yielded values for the measured step-height and period. If necessary, the sensitivity 
of the piezo scanner was adjusted in its vertical and horizontal planes until the measured 
step-height and period was within ± 1 . 0  nm and ± 1 0 0  nm, respectively, of the certificated 
values.
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Figure 4.13: A 3-D topographical image of the reference grating. The AFM was used 
in its contact mode and the scan size was 20x20 pm
Provided by NT-MDT Molecular Devices and Tools for NanoTechnology. The step-height is traceable to 
standards at the National Institute of Standards and Technology (NIST), USA.
Figure 4.14: Sectional analysis of a 20 x 20 pm scanned area of the reference grating. The depth of the 
grating was measured as 25.8 nm with a period of 3.0 pm
4.8.2 AFM analysis of polished surfaces
Two images of a Si(lOO) su if ace at different scales are shown in Figure 4.15. This surface 
was polished at NPL using the procedure set out in §A1.2 and was cleaned with cotton 
wool soaked with ethanol following its removal from the polishing lap. Several features 
are identifiable at these magnifications and can be broadly categorised as being i) 
particulates, ii) scratches/sleeks, and iii) pitting of the surface. The scale and occurrence of 
the scratching and pitting was very low and is negligible when considering their 
contributions to the surface roughness. The particulate contaminants, however, are more 
significant and increase the overall surface roughness as well as providing possible sites 
for the adsorption of further contaminants. Measurements of yield values in the range 
0.5 nm to 1 nm. When these particulates were excluded from the analysis area, /?a was 
reduced to values < 0.3 nm, which is a relative reduction of two or threefold.
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F ig u re  4 .15: Tw o topographic im ages obtained in tapping m ode o f the sam e Si(lOO) 
polished surface at different scales. The scan size was 22x22 pm  for the upper 
image and 5x5 pm  for the low er image
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The particulates were observed to have two distinct sizes which can be quantified with a 
sectional analysis. Figure 4.16 shows the results of a sectional analysis of the larger 
structures, which were found to have heights of the order of 5 to 15 nm, and widths of 100 
to 150 nm. A similar analysis (Figure 4.17) has been applied to the smaller particulates 
and gave particulate heights of around 1 to 2 nm, and widths of 20 to 50 nm
2 .0 0
Figure 4.16: Sectional analysis of larger particulate structures. The two pairs of markers in the right image 
gave corresponding particulate heights of 15.5 nm (left) and 8.0 nm (right), and widths of 117.2 nm (left) 
and 136.7 nm (right)
0 .5 0
Figure 4.17: Sectional analysis of smaller particulate structures. The two pairs of markers in the right 
image gave corresponding particulate heights of 2.0 nm (left) and 1.5 nm (right), and widths of 50.1 nm 
(left) and 40.0 nm (right)
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Figure 4.18 shows an area that has been scanned using the phase imaging mode of the i
instrument (§3.7.3), There was a clear phase difference between the large particles and the '
background oxide, suggesting the contaminants have different viscoelastic properties 
compared with the surface oxide. The smaller particulars, however, showed no significant 
contrast compared which suggests they have similar viscoelastic properties to the oxide.
These structures do have the appearance of drying stains, and it is possible they are areas 
of silicon that are terminated with hydroxyl bonds. A possibility for the larger particles is 
they are remnants of the aluminium oxide particles used in the final polishing stage.
However, the information gained from the phase imaging is purely qualitative; the precise 
relationship between the elasticity of a material and the resulting phase shift is unknown.
An XPS wide-scan of this area yielded no further information on the nature of these 
particulates; the only contaminants identified on the surface were carbon and oxygen 
which have been attributed to an adsorbed carbonaceous overlayer (§4.6.3). It is possible 
that other contaminants may exist on the surface that are below the threshold of detection 
of XPS but this technique is highly sensitive.
4.8.2.1 Sources of contaminant
Surface contaminants can be categorised as being particulate, non-ionic and ionic [136] 
and each is removed by a specific process or solvent, the general rule being that similar 
solvents tend to dissolve similar solutes. The most likely source of non-ionic molecules 
will be from the organic compounds that are left after the polishing process, such as resin 
and oils from the laps, and will be mainly bonded to the Si substrate through weak 
electrostatic forces. Ionic molecules, comprising either cations or anions, stem mostly 
from inorganic compounds, and may be physisorbed or chemisorbed [137]. Examples of 
ionic compounds are water and salts. Particulate debris can be deposited during the 
fabrication and an obvious source is the AI2O3 particulates used in the final polishing stage 
of wafers (see §A 1 .2 ).
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Figure 4.18: Tapping mode data showing topographical information (top 
image) and phase information (bottom image)
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4.S.2.2 Development of a cleaning procedure
An ideal cleaning process will achieve three main aims: 1) the removal of all the 
contaminants; 2) cause no physical damage to the surface; and 3) be reproducible. Good 
reproducibility may be best achieved using a process which is not reliant on hand cleaning. 
A further consideration may be the chemical state of the cleaned surface. For example, one 
may be concerned with the hydrophilicity of the cleaned surface.
Two organic-based solvents, namely, isopropyl alcohol (2-propanol) and acetone (2- 
propanone), and an aqueous solution of water and 10% Decon90™ were used in a first 
attempt to remove the observed particulates. Of the three solvents, only acetone is purely 
non-polar; the isopropyl alcohol and water/Decon solution contain a mixture of both polar 
and non-polar bonds and are thus capable of dissolving ionic and non-ionic molecules. 
Each solvent was applied to the surface via two different processes which are outlined by 
Table 4-11. Both processes are not reliant on hand cleaning. All the test samples were
prepared in an identical manner (i.e. mechanically polished at NPL and cleaned with
ethanol on their removal from the polishing lap) and had been stored in poly(styrene) 
boxes prior to their analysis by AFM and undergoing the cleaning processes described 
below.
Table 4-11: Two cleaning processes that require no manual intervention
Cleaning agent Immersion 
time (mins)
Ultrasonic bath 
@ 50°C (mins)
Rinse
DDW
Dry
Process 1 2 -propanol 240 No No Yes
2 -propanone 240 No No Yes
water/Decon90 240 No Yes Yes
Process 2 2 -propanol 240 60 No Yes
2 -propanone 240 60 No Yes
water/Decon90 240 60 Yes Yes
In process 1, a test sample was immersed in a solvent for a period of 4 hours. The samples 
treated with the organic solvents were then dried using dry compressed air supplied from a 
cylinder; the sample immersed in the water/Decon solution was rinsed upon its removal 
with de-ionised and distilled water (DDW), for a period of three minutes, before being 
dried with compressed air. The rinse was needed to remove all observable traces of the
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cleaning solution from a sample's suiface. Process 2 was the same as described for the first 
process, apart from an extra stage which consisted of placing the immersed sample in an 
ultrasonic bath at 50°C for treatment by cavitation for 60 minutes. Subsequent 
examination of the cleaned surfaces by AFM showed that neither process nor agent was 
effective at removing the contaminants.
The next attempt at removing the particulates was to use a cleaning process employed at 
the BIPM for the routine cleaning of mass standards manufactured from either stainless 
steel or platinum-iridium material. This method uses a lint-free cloth moistened with a 
mixture of 50% diethylether and 50% ethanol which is applied to the surface by hand with 
a firm pressure. This process proved very effective at removing both types of contaminant 
from the silicon surfaces. Its main disadvantage is its reliance on hand cleaning and its 
reproducibility is therefore dependent on the operator. Due to its effectiveness, however, it 
was employed to clean the cylindrical artefacts used in the gravimetric weighing 
investigations (described in §5.3) and the surface of the silicon sphere prior to its 
characterisation by VASE (described in Chapter 7). The surface was found to be left in a 
hydrophilic state after cleaning with this technique (data will be presented in §5.5.3).
4.9 Chapter conclusions
Silicon surfaces with crystallographic orientations of (100), (110), (111), (211) and (311) 
have been produced with CMP and mechanical polishing processes. The thickness of the 
oxide on each sample was measured with RBS, XPS and VASE, and the ellipsometry 
spectra were analysed with a model that consisted of an amorphous SiO? layer on a Si 
single crystal substrate. The VASE values were found to be consistently greater than those 
determined with RBS and XPS. No variation in the oxide thickness with respect to 
crystallographic orientation was observed. The oxide thicknesses obtained with RBS and 
XPS varied between 0.8 and 1.8 nm, which are comparable with an upper limit of 1.4 nm 
reported for native oxides that form on chemically processed Si surfaces. In contrast, the 
comparison with the VASE measurements is much poorer, which gave values that varied 
between 3.3 nm and 4.5 nm. The VASE values are closer to those reported in the literature 
for Avogadro Si spheres, which were all determined with ellipsometers using similar one- 
layer models. A question must therefore arise as to whether there is a severe failure in the 
VASE data analysis that leads to incorrect values of oxide thickness.
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In addition to a surface oxide, the RBS channelling spectra reveal the presence of sub­
surface damage in the mechanically polished surfaces. The amount of damage was greatest 
for the higher-index directions <211> and <311>, and lowest for the <110>. Comparison 
of amorphous Si layer thicknesses calculated from the A%nin spectra with those from the 
enhanced Si surface peak show the damage is a mixture of amorphous Si and dislocations. 
Both the RBS and VASE techniques are sensitive to the damaged regions and, 
importantly, both agree on the relative amount of damage between the samples.
XPS analysis of the chemically-shifted Si2p peaks have shown that sub-oxides are created 
at the Si-SiOi interfaces and are formed by one and two monolayers. This is equivalent to 
a layer thickness of 0.3 to 0.6 nm, which was found to be consistent for the (100), (110) 
and (111) orientations. The stoichiometries of these inteifacial regions would be Si rich. 
However, the values obtained for the oxide layers that form on the CMP and mechanical 
polished surfaces were oxygen rich, with average measured stoichiometries of SiOi.ee and 
Si02.39» respectively. It seems likely that silanol bonds are responsible, forming within the 
oxide and on its surface during the polishing processes.
The XPS spectra also show the presence of adsorbed over-layers of carbonaceous 
contaminants. A comparison of the relative intensities across six samples found that C-H 
bonds make up 80% of an over-layer, while 15% from C-OH bonds, and the remaining 5% 
from C=0 and COOH bonds. The thicknesses of the over-layers varied from 0.9 to 1.3 nm 
between the different samples but were very uniform across each sample with the 
maximum variation being less than 0.1 nm. The thicknesses were determined for storage 
periods from 4 to 16 weeks after initial cleaning of the surfaces and was not seen to grow 
over this period. The thickness on freshly cleaned samples ranged from 0.5 to 0.8 nm.
This additional data gained from RBS, XPS and GW (discussed in the next chapter) are 
later used to build a consistent optical model to fit VASE data; the damaged layer and the 
adsorbed carbonaceous contaminants are all significant components of the surface "oxide" 
layer whose thickness is over-estimated by VASE when using an oveiiy-simplistic one- 
layer surface model.
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CHAPTER 5: Analysis of gravimetric weighing data
5.1 Chapter overview
An adsorption isotherm for water on a polished Si(lOO) surface has been obtained with 
gravimetric weighing over a relative humidity range from 0% to 75%. The measurements 
were made with a highly sensitive mass comparator and a pair of purposely fabricated 
silicon artefacts that have a surface area difference of 170 cm^. The sorption data is well 
described by the BET equation for multilayer adsorption, the adsorption isotherm being 
type II according to the BET classification. The interpretation of the sorption data is made 
possible with the additional information gained with XPS and AFM which gave the 
surface composition (see §4.6.3) and topography (see §4.8.2), respectively. The fitted BET 
parameters are Xu  = 0.077 pg cm'^ and Cb = 17, and correspond to around 5 adsorbed 
layers o f H2O at a relative humidity 40%. Discrepancies with values reported in the 
literature are discussed.
5.2 Silicon artefacts for gravimetric weighing
A pair of cylindrical artefacts for gravimetric weighing were fabricated (see Appendix 1 ) 
from a boule of single-crystal Si material supplied by Wacker-Chemitronic, GmbH. Figure
5.1 is a picture of the artefacts in their weighing configuration. As described in §3.3.1, the 
volumes of the cylinder and combined slices are adjusted to be almost identical. A value 
of 213.4 cm^ was obtained by fixing their diameters at 6 cm (which is the maximum 
dimension that can be accommodated on the mass comparator’s weighing pan) and 
controlling the final polishing stage to achieve a mass of 497 g for the cylinder and 
combined slices. In this manner, the dimensions (i.e. height and diameter) of the artefacts 
are identical and gravimetric weighing is therefore sensitive to the amount of moist gas 
sorbed on the additional flat surfaces which are introduced by the slices. These additional 
surfaces are polished along their (100) crystallographic planes and have a surface 
roughness Ra that has been measured as < 0.3 nm with an AFM (§4.8.2).
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Figure 5.1: Si cylinder (left) and four Si slices (right). The slices 
are separated by a distance of 2  mm using stainless steel spacers
The number of slices is a trade-off between maximising their combined surface area, and 
thereby increasing the sensitivity of the experiment, against the need to produce a highly 
polished finish on the sides of each slice. Four slices produces a combined surface area 
that is 170 cm' greater than that of the cylinder and can be fabricated with a highly 
polished finish. An adsorbed monolayer of water will create a mass difference of 4.6 pg 
between the two artefacts (assuming a cross-sectional area of 0 .125nm“ for a water 
molecule packing in a square array [138]) and is readily detected by the mass comparator 
which has a resolution of 0.1 pg. Three small stainless steel spacers (with a combined 
mass of approximately 1 g) are used to separate each Si slice in the stack, creating a gap of 
2 mm which is large enough to ensure the surfaces of each slice are uniformly exposed to 
the moist gas. A similar amount of stainless steel was placed on the cylinder (not shown in 
Figure 5.1) to negate the sorption effects from the spacer material.
5.3 Surface preparation and adsorbed contamination
The sorption of water may be influenced by contaminants on the oxide surface. XPS has 
been used to quantify the contamination on the surface of samples of Si single-crystal that 
have been fabricated and stored in an identical manner to that of the sorption artefacts^ 
Analysis of the XPS data showed the presence of a uniformly thick carbon-based 
overlayer which is mainly comprised of hydrocarbon bonds (§4.6.3). The organic 
overlayer has a saturation thickness of around 1.3 nm and is composed of 80% C-H bonds, 
with the remainder being C-OH, C=0 and COOH.
1 2 1
The presence of an organic overlayer is known to effect the adsorption properties at metal 
surfaces [97,98]. Bond strengths between water molecules and organic substrates may 
differ from those of water-metal oxide bonds, and porosity and capillary condensation 
effects may occur. Measurement of the sorption effects were therefore made for an 'aged' 
and a cleaned surface. The aged surface was obtained by storing the artefacts under glass 
for a period of one year after their fabrication. Following the sorption measurements on 
the aged surface, the artefacts were cleaned with a lint-free cloth moistened with a mixture 
of 50% diethylether and 50% ethanol which was applied to the surface by hand with a firm 
pressure. This method is commonly used to prepare the surface of mass standards that are 
maintained at NMIs. The effect of cleaning polished Si surfaces with this method has been 
quantified with XPS and AFM (see §4.8.2); the overlayer thickness is reduced from
1.3 nm to around 0.6 nm, and its composition is changed to 60% C-H bonds, with the 
remainder being C-OH, C=0 and COOH.
5.4 Vacuum composition
The measurement of the adsorption isotherm begins with the evacuation of the weighing 
chamber to a pressure of 10“^  Pa and the subsequent monitoring of the mass difference 
between the sorption artefacts until a stable value is obtained. During this period, 
contaminants will be de-sorbed from the surface until sorption equilibrium is obtained 
with the gas species that make up the vacuum pressure. A quadmpole mass spectrometer 
(Masstorr model, manufactured by VG Gas Analysis Ltd) has been previously used to give 
a residual gas analysis of the composition of the vacuum around the balance [4]. Scans 
were made over the range 0-100 amu but no discernable peaks were detected above 44 
amu. Figure 5.2 is a typical spectrograph showing the composition of the vacuum in the 
main chamber,
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Figure 5.2: Spectrograph for the vacuum chamber [4], The main peak has a molecular weight-to- 
elementary charge ratio of 18 and corresponds to
The spectrum shows the major peak has a ratio of molecular weight to elementary charge 
of 18, which corresponds to singly ionised water vapour (i.e. HiO^). The two secondary 
peaks are at 16 (corresponding to oxygen or and 28 (nitrogen and carbon 
monoxide CO^). Minor peaks occur at 32 (oxygen O?^), 40 (argon Ar^) and 44 (carbon 
dioxide CO?^). Summation of the partial pressures of all the observed peaks show that 
water vapour accounts for 70% of the vacuum composition. This result is expected for a 
system that has not been baked and includes components such as plastics which absorb 
water when exposed to ambient air. Significantly, no hydrocarbon contamination could be 
detected in the system. Although hydrocarbon sources can produce fairly large molecule 
contamination (i.e. having molecular weights greater than 100 amu, which is the upper 
limit of the spectrometer) past experience has shown that these molecules tend to break up 
and produce a systematic series of contaminants that are evenly spaced over the measured 
range (0 to 100 amu). No such systematic peaks were detected.
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5.5 Sorption measurements and results
5.5.1 De-sorption of contaminants
The balance chamber was evacuated to a pressure of 10""^  Pa and the mass difference 
between the artefacts was then monitored until a stable value was obtained. Figure 5.3 
shows the variation of the adsorbed mass per unit area X  (pg cm'^) with exposure time t in 
the vacuum. The environment in the chamber had previously been maintained for several 
days with air at ST? and a relative humidity 40%. The measurements were started 
(corresponding to the time t=0) when the chamber had been pumped for 15 minutes. The 
pressure indicated by a Penning gauge took 5 hours to reach lO'^^Pa, which is the lowest 
value displayed by this gauge. The sum of the partial pressures of the component gases 
confirm a value of 1.3 x 10 Pa for the equilibrium vacuum pressure.
t (hours)
0.00  • #
- 0.20
Figure 5.3: Variation of the adsorbed mass per unit area X  (pg cm' )^ 
with time after the chamber is evacuated. Sorption from the surface has 
reached an equilibrium state after 15 hours have elapsed
A fixed offset has been applied to all the measured mass differences such that a value of 
X=0 is obtained for the data point corresponding to r=0. Successive values of X  are 
decreasing with time as contaminants are de-sorbed from the surface. This process has 
continued until sorption at the surface reaches an equilibrium with the gas species present 
at lO "^ Pa, which is mainly water vapour with a contributing partial pressure of
0.9 X  10'"^  Pa (see Figure 5.2). This level of water vapour pressure corresponds to a relative
124
humidity of 3.8 x 10 % at 20 °C (equivalent to a frost point of -117 °C), and the Si 
surface is taken to be free of adsorbed water at this low level of vapour pressure.
5.5.2 Gas buoyancy correction and an adsorbed monolayer of H2O
Following the stabilisation of the surface under vacuum conditions, the chamber was filled 
with N2 gas to a pressure of 100 kPa. The N2 gas was taken from a cylinder supplied by 
BOC Gases Ltd and has a water content of less than 10 ppm. This concentration of water 
equates to an RH of less than 0.05 % at 20 °C and therefore the N2 gas is considered 
water-free. The volumes of the sorption artefacts have been determined by hydrostatic 
weighing, and the combined slices have a greater value by 0.0128(10) cm^. As a result, the 
combined slices are subjected to a greater buoyant force from the N2 gas as the pressure is 
increased. A correction must therefore be applied to the measured mass difference to 
compensate for the unequal buoyant force. The magnitude of the correction is calculated 
to be 14.8 pg in N2 gas at STP. This value is obtained from the product of the density of 
N2 gas p and the volume difference Vdiff between the artefacts (e.g. if p = 0.00116 g cm'^ 
and Vdiff = 0.0128 cm^ the buoyancy correction is 14.8 pg).
Figure 5.4 displays the variation in adsorbed mass X  with time when the pressure is 
changed between vacuum and 100 kPa of N2 (water-free). The values of X  obtained at 
vacuum pressure are displayed by the red circles, and the values with N2 are black 
triangles. A fixed offset has been applied to the measured mass differences such that a 
value of X=0 is obtained for the first data point, which was taken when the chamber had 
been continuously evacuated for five days. Confirmation that the buoyancy correction has 
been applied effectively is seen from the good agreement when the atmosphere is changed 
from vacuum to N2 gas. The values of X  are then observed to increase with time following 
what appears to be an exponential profile until the adsorption becomes saturated after 4 or 
5 days. Since the sorption effect is fully reversible on the re-evacuation of the chamber, 
the process must be due to a physisorbed species. The N2 molecules are easily ruled out as 
their boiling temperature is approximately -196 °C at 100 kPa. The process must therefore 
be due to another gas species whose partial pressure increases with time as it is de-sorbed 
from the chamber's walls and components, and continues until a monolayer is fully 
formed.
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Figure 5.4: Variation in X  when the ambient pressure is changed between vacuum (red 
circles) and 100 kPa of dry N? (black triangles). The dashed line corresponds to the formation 
of a monolayer of which has a X value of 0.038 pg cm "
From the residual gas analysis made at vacuum pressure (see §5.4) water vapour is the 
most likely candidate being the most abundant species present and the only one to have a 
polar molecule and therefore the greatest adsorption energy. To check this hypothesis, the 
pressure was monitored within the vacuum chamber following its isolation from the 
vacuum pumps. After five days isolation, the pressure had risen from I O '* Pa to 100 Pa. 
Based on the assumption that this pressure increase is due to the de-sorption of water into 
the vessel, a water vapour pressure of 100 Pa within 10^  Pa of Ni gas would give a relative 
humidity of 4% at 20°C, which is capable of forming a monolayer of adsorbed water. 
Furthermore, the value of X  for an adsorbed monolayer predicted from Figure 5.4 (shown 
by the dashed line) is 0.038 pg cm^, which is close to the theoretical value of 0.032 pg 
cm “ for water. The interpretation of the data presented in Figure 5.4 is therefore the 
adsorption of a HiO molecules until a monolayer is formed. The observed time 
dependence will be a function of the HiO vapour pressure and the availability of 
adsorption sites on the surface.
5.5.3 Adsorption isotherm for a polished Si(lOO) surface
Figure 5.5 gives the adsorption isotherm for the aged surface (i.e. a surface that has been 
stored under glass for one year prior to the sorption measurements). The figure displays
1 2 6
the adsorbed mass of H2O per unit area, X, as a function of the relative humidity h. The 
measurements were started at /î=0 (obtained at a vacuum pressure of 10 Pa) and 
continued incrementally to /i=0.75 before decreasing back to A=0. The error bars for the 
values of X  are reported for a confidence level of 95% and include a contribution from the 
balance repeatability and measured humidity. There is no significant evidence of 
reversible hysteresis between the adsorption and de-sorption data points. The absence of 
hysteresis confirms the high quality of surface finish (i.e. a surface with no features that 
may attract capillary condensation) and shows the oxide is not significantly porous. 
Observe that X  is about one order of magnitude greater at h=0.15 compared to the value 
found in nominally dry N2 .
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Figure 5.5: Fitted BET isotherm (continuous line) for water sorbed on a Si(lOO) surface (A;  
adsorption data; A: de-sorption data). The Si artefact had been previously been stored under glass, at 
STP, for a period of one year
127
The continuous line in Figure 5.5 is the adsorption isotherm determined for a polished 
Si(lOO) surface. The term 'isotherm' implies the temperature remains constant throughout 
the sorption measurements which is not the case. In fact, the temperature was maintained 
between 18.5°C and 20“C, and the relative humidity at each data point was calculated 
from the measured temperature. The error associated with the variation in temperature is 
therefore minimised and contributes no more than 0.5% when calculating the amount of 
water sorbed at the surface. The experimental data is accurately described by the BET 
equation for multilayer adsorption (Eqn. 2.6) which may be expressed in the form
X  ______________ ^______  5.1
{ l ~ h )  [l +  (Cg “  1) h)]
where Xm is the change in mass per area by a monomolecular layer, and Cb is the BET 
constant. Ce determines the shape, and therefore, the type of adsorption isotherm. The 
fitting parameters are determined by minimising the sum of the square of the residual 
values at each data point, and are
= 0.077 pg cm~^
and
Q = 1 7 .
An S-shaped curve with a BET constant Ce = 17 corresponds to a type-II BET isotherm 
and is characteristic of multi-layer adsorption on a hydrophilic surface, where the heat of 
adsorption of the first layer Q\ is greater than the heat of vaporization Qm of the gas. An 
estimate for Q\ has been obtained from this value of Cb using the relationship
Gg =  The value for Qy is taken from the literature to be 40.7 kJ mol‘* [95]
and Qi is thus calculated to be 47.6 kJ mol '. The surface has been shown to consist of 
uniformly thick organic oveiiayer which contains relatively strongly polar C=0, C-OH 
and COOH bonds (see §4.6.3). Molecular water will be adsorbed by these polarised bonds 
through their dipole-dipole interactions and will thus form a relatively strongly adsorbed 
first layer of H2O. For instance, a C=0 bond has a dipole moment'"' in the range 23-2.1 D 
which compares with a value of 1.85 D for H2 O. Thus a bond energy of 47.6 kJ mol"' 
appears reasonable for such a physisorption process. This result compares with a value of
The unit of dipole moment is the Debye, where I Debye = 1 D = 3.336 x 10'^ ° C m
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50.7 kJ mol ' that has been determined for H2 O adsorption on a hydroxylated Si02 surface 
[139].
The fitted value of Xm is 0.077 pg cm'^, however, is a factor of 2.4 greater than the 
theoretical value for water which is 0.032 pg cm'^ [138]. The calculation of the theoretical 
value for the mass of a monolayer of water is made with the following assumptions:
1. Cross-sectional area of a water molecule is 0.125 nm^;
2. Water molecules pack together on a surface in a square array;
3. Sorbent surface is geometrically flat.
The discrepancy between the experimental and theoretical values of Xm cannot be 
explained by potential errors that might be introduced by these simplifying assumptions, 
as: 1) the uncertainty in the cross-sectional area is less than 20%; 2) a square array 
represents a closely packed structure and the areal density of adsorbed molecules cannot 
be significantly increased beyond the theoretical value; and 3) AFM quantification shows 
that the real surface area is increased by less than 0.005 % compared with a plane surface 
area. Instead, the observed discrepancy is most likely explained by the increased 
sensitivity of the fitting parameters at low values of h (e.g. <0.2) and the reliance that is 
therefore placed on the sorption data obtained in this region; monolayer formation is 
predicted from only four data points. In contrast, the data presented in Figure 5.4 will yield 
a more accurate value for the mass of an adsorbed monolayer which is 0.038 pg cm‘^  and 
is in good agreement with the theoretical value.
5.5.4 Water sorption on a cleaned surface
The effect of surface contamination has been investigated by repeating the sorption 
measurements for a surface that has been cleaned with a mixture of 50% diethylether and 
50% ethanol. Cleaning the surface has the effect of reducing both the overlayer thickness 
and increasing the relative amount of polarised C-OH and COOH bonds. Figure 5.6 shows 
the sorption data, and the best-fit adsorption isotherm, for artefacts that were cleaned and 
immediately placed within the vacuum chamber. A type II adsorption isotherm is again 
obtained and the value of Xm was found to be 0.077 pg cm'", which is the identical to the 
value established for the aged surface. Thus the water uptake (at a given relative humidity)
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is identical for both the cleaned and aged surfaces. However, the cleaned surface yielded a 
value of Cb of 52, which compares with 17 for the aged surface. A higher value of Cb 
implies the surface has become more hydrophilic following its cleaning and the bond 
energy of the first adsorbed layer has risen to 50.4 kJ mol'^
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Figure 5.6: BET isotherm (continuous line) fitted to adsorption data (À ) 
obtained on a cleaned Si(lOO) surface
Further qualitative evidence of the nature of the surface may be obtained by contact 
angle‘s measurements. A hydrophilic surface is regarded as producing a contact angle of 
less the 90° when the su if ace is wetted with a water droplet [140]. Figure 5.7 is a 
magnified image taken of a water droplet (with a volume of 10 pi) that has been placed 
with a micropipette onto the Si(lOO) surface of a sorption artefact. The measured contact 
angle is 60° which indicates the surface is hydrophilic. For comparison, a quartz surface 
that is fully hydroxylated is known to produce a contact angle of 0° [141]; when the 
surface is treated by heating to temperature above 300°, thereby driving off the hydroxyl 
groups and leaving behind siloxane (i.e. - Si - O - Si - ), the contact angle rises to 60°.
The contact angle is defined as the angle formed between the surface solid and the line tangent to the 
droplet radius from the point of contact with the solid
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Figure 5.7: Measurement of the contact angle made by a 10 pi water droplet placed on a Si 
sorption artefact which has been aged. An angle of 60° is indicative of a hydrophilic surface
Figure 5.8 shows the impact on the contact angle when the sorption artefact was cleaned 
with a mixture of 50% diethylether and 50% ethanol. The contact angle is now reduced to 
45°, which indicates the surface has become more hydrophilic compared with the aged 
surface. This conclusion supports the XPS analysis described in Chapter 4 that shows that 
the impact of cleaning is to reduce the overlayer thickness, whilst at the same time 
increasing the amount of more strongly polarised bonds (i.e. C-OH, C=0 and COOH) 
relative to that of the pure C-H bonds. One would therefore expect the hydrophilicity of 
the cleaned surface to become greater. The data is also consistent with the adsorption 
isotherm obtained for a cleaned surface (see Figure 5.6) which predicts the surface has 
become more hydrophilic as a result of cleaning.
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Figure 5.8: Measurement of the contact angle for a Si sorption artefact that has been cleaned with 
mixture of 50% diethylether and 50% ethanol. The contact angle is now reduced to 45°, compared 
with 60° for the aged surface, and indicates that the surface has become more hydrophilic
5.6 Comparison with sorption measurements from the literature
Eqn. 5.1 is used to calculate the amount of adsorbed water X (pg cm ') on a polished 
silicon surface for relative humidities in the range 0 to 75%. The fitted parameters Xm and 
Cb have been determined as 0,077 and Cb = 17, respectively. A value for X of 0.147 ± 
0.023 pg cm " is thus obtained at a relative humidity of 50% and corresponds to five 
adsorbed layers of HiO when the mass of a monolayer of water is taken as 0.032 pg cm'^. 
The adsorption of water on silicon surfaces has been studied by several researchers using 
gravimetric weighing and a comparison with their values is useful for evaluating the 
results presented above. Table 5-1 summaries the data for the amount of reversible water 
adsorption on silicon artefacts at a relative humidity of 50% [88,142,143].
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Table 5-1: Measurement data of the amount of reversible water adsorption on the surface of silicon 
artefacts
Sample Treatment Surface area difference 
(cm )^
Amount of reversible 
adsorption at h=50% 
(pg cm'2)
Uncertainty 
k=2 
(pg cm'2)
Reference
1 kg sphere - 176 0.105 0.020 [142]
Si(lOO) ethanol/ether 170 0.147 0.023 This thesis
Si(lOO) ethanol/ether 42 0.009 0.018 [143]
Si(lOO) outgassed at 500°C in N 2
817 0.004 0.004 [88]
The values of X  have a large range which correspond to a surface coverage of 1/8^ *’ of a 
monolayer at h-0,5 (i.e. X=0.004 pg cm"  ^) to five monolayers (i.e. X=0.147 pg cm'^). The 
former result [88], however, was obtained for a surface that had been outgassed at 500°C 
in dry Ni to remove both physisorbed and chemisorbed water. Heating will also remove 
any physisorbed carbon-based contamination. An irreversible mass increase of 0.028 pg 
cm'^ was observed for the first exposure to water vapour and attributed to the formation of 
a hydroxylated monolayer. This author [88] concluded that longer-term studies are 
required to investigate the impact on water adsorption due to the re-contamination of the 
surface. The value X=0.105 pg cm'^ reported for a silicon sphere [142] corresponds to 
three layers of adsorbed H2O, and is similar in magnitude to that obtained with the 
sorption artefacts used in this thesis. In contrast, only 1/3*^  of a monolayer (i.e. 
X=0.009 pg cm'^) was observed for a surface that had been cleaned in an identical manner 
to our sorption artefacts i.e. using a mixture of 50% diethylether and 50% ethanol [143]. 
The data, however, were derived from a pair of Si sorption artefacts that have a surface 
area difference of 42 cm^ and thus create a mass difference of only 1.3 pg at monolayer 
coverage. The sorption artefacts used in the present work have a significantly larger 
surface area difference of 170 cm^ which generates a more measurable 5.4 pg.
5.7 Chapter conclusions
Previous efforts by co-workers to determine the thickness of the oxide layer on Avogadro 
silicon spheres (§1.2.4) have been made with ellipsometers that operate under ambient 
atmospheric conditions, where the relative humidity might be expected to vary between 30 
to 50%. In all cases, the interpretation of the measured spectra were made with models that
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assume a sphere's surface is accurately described by an optically well-defined layer of 
silicon dioxide on a crystalline Si substrate. The models make no provision for the 
presence o f adsorbed water. Values for the native oxide thickness of around 5 nm were 
subsequently reported, which is significantly higher than those obtained for native oxides 
that form on processed Si surfaces.
The adsorption isotherm for silicon has been determined using a pair of sorption artefacts 
that have a surface area difference of 170 cm^. The data are accurately represented by a 
BET type II isotherm and values for Xm = 0.077 pg cm “ and Cb = 17 have been obtained. 
It was found that cleaning had no impact on the amount of water adsorbed by the polished 
Si surface for a given relative humidity. Five layers of H2O are therefore adsorbed at a 
relative humidity of 50%, and would contribute 39 pg^  ^ to the mass of a 1 kg silicon 
sphere (i.e. 4 parts in 10 )^. An adsorbed layer of water, the thickness of which is 
determined from the isotherm established here, will be included in the optical model 
developed for a polished silicon surface and forms an important component of the surface. 
Neglecting the contribution of adsorbed water will cause a relative error in a sphere's 
density of around 4 parts in 10 ,^ which by itself, is a factor of 4 greater than the 
uncertainty required in Va for a re-definition of the kilogram.
The mass contribution, in pg, has been calculated from the product of the surface area of a 1 kg sphere (i.e. 
266 cm )^ and the value of X at h=0.5 (i.e. 0.146 pg cm' )^
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CHAPTER 6: Developing an optical model of the polished silicon surface
6.1 Chapter overview
This chapter describes the model building process used to interpretate the spectra obtained 
with VASE from CMP and mechanically polished Si surfaces. The model building 
incorporates the data obtained with RBS, XPS and GW to arrive at a more realistic 
physical model of the surface that may be used by ellipsometry to determine the thickness 
of oxide and damaged regions on polished Si surfaces.
6.2 Modelling strategy
Historically, the spectra obtained with ellipsometers on Avogadro silicon spheres have 
been interpreted with one-layer models consisting of an amorphous SiOz layer on a Si 
single crystal substrate [12,23,24]. The optical constants of the SiOz layer and Si substrate 
are taken from values given in the literature, and the thickness of the SiOz layer is varied 
to obtained the best-fit to the measured spectra. Typically, the thickness of oxides on 
Avogadro silicon spheres has been reported to be around 5 nm, which is significantly 
greater than that determined for native oxides measured with techniques other than 
ellipsometry (see §2.3.4) and with RBS and XPS in this study (see §4.3).
6.2.1 Multi-layer model
Several distinct types of physical structure have been identified on the surface of the 
mechanically polished Si single-crystals investigated in this current study, and may be 
summarised as: 1) adsorbed water; 2) adsorbed carbonaceous material; 3) an oxide; 4) an 
interfacial region containing sub-oxides; and 5) damage to the Si lattice occurring at the 
Si-SiOz interface. Figure 6.1 is an idealised model of a surface which contains these 
structures. The model is idealised as each region has parallel-plane boundaries. Such a 
model is overly simplistic as there will be a degree of inteifacial mixing between the 
regions. But interfacial mixing may be modelled as described later in this chapter.
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Figure 6.1: Components identified on the surface of mechanically polished Si single- 
crystal samples with XPS. GW and RBS
An objective of this thesis is to develop a realistic model to interpretate the VASE spectra 
obtained for Avogadro silicon spheres, and thereby predict the thickness of the oxide layer 
which is needed to make the phase and mass corrections to a crystal's measured density 
(see §1.2.4). The remainder of this chapter will present the development of a physical 
model that describes the surface of the samples investigated in this study. The successful 
VASE model must be consistent with the components identified with XPS, RBS and GW. 
At each stage in the model development, the results determined from VASE analysis are 
assessed against the data obtained from these complementary techniques.
The first stage in the model development has been to include components for the adsorbed 
water and carbonaceous layers. Without these contributions, a model that is used to 
determine the oxide thickness, based on assumption of literature values for the oxide 
refractive index, will generate values that are overestimated. Conversely, if the oxide 
thickness is taken from the RBS result, determining the oxide’s refractive index will yield
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values which are too low. Measurement of the refractive index of the carbonaceous 
overlayer is presented in §6.4. Having made provision for the adsorbed water and 
carbonaceous layers, the model is expanded to consider the thickness and optical constants 
for the oxide and damaged regions, which is described in §6.5. Details of the methods by 
which the dispersion of the optical constants may be represented in our VASE models are 
described §6.3, together with an overview of their application to the Si-SiOz system.
6.3 Dispersion of the optical constants
The optical constants of a material are dependent on the wavelength (i.e. photon energy) 
of the incident radiation. Two formats are commonly used to express the dispersion of a 
material's optical constants, which are 1) tabulated wavelength-by-wavelength lists, and 2) 
functions with adjustable parameters based on physical or empirical models. Functional 
models are possible because the optical constants for real materials are not random 
functions of wavelength. They are generally smooth functions and there is a physical 
relationship between the real and imaginary parts that is described by the Kramers-Kronig 
(KK) integral [144]. Tabulated lists offer good flexibility in describing a function and are 
convenient to work with as fit parameters as the values at different wavelengths are 
independent of one another. However, noise in the experimental data is directly passed 
along to the resulting optical constants. Functional models allow the determination of 
optical constants over wider spectral ranges with fewer parameters, and prevent some 
measurement noise from becoming part of the extracted optical constants. However, their 
ability to screen out noise can smooth away or distort real spectral features. In the analysis 
that follows, a tabulated list of optical constants was used for the Si substrate. Two 
functional forms, namely that of Cauchy (given by Eqns. 6.1 and 6.2) and Sellmeier (given 
Eqn. 6.3) have been used to represent the carbonaceous overlayer, oxide and damaged 
regions. The Cauchy functions are given by
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n ( / l ) - A ~ i - - ^  + ^  .......................................  6.1
k ( À )  =  Of g 
s^f12400 1_1 2 r 6.2
where À is the wavelength and the six empirical parameters are A, B, C, the extinction 
coefficient amplitude a, the exponent factor ^  and the band edge y. The Sellmeier function 
is given by
n U f  = offset +  ■ '  -  CÂ  ^   6.3A — B
where the four parameters are A, B, C and ojfset.
6.3.1 Present knowledge of the optical constants of the Si-SiOz system
6.3.1.1 Silicon
Because of its technological importance the optical properties of the Si-SiOz system have 
been extensively studied [57,145,146,147,148]. Historically, the standard source for the 
optical constants of crystalline Si have been Aspnes’ values obtained with a rotating 
analyser ellipsometer on polished silicon substrates over an energy range 1.5 to 6.0 eV 
[145]. Aspnes results, however, were questioned by Jellison, particularly at photon 
energies below the direct band gap at -3.35 eV (i.e. wavelengths above -370 nm) where 
values of the extinction coefficient k fall-off rapidly. Jellison increased the experimental 
sensitivity to k [146] by employing a two-channel polarisation modulation ellipsometer to 
determine the optical constants of crystalline Si over a wavelength range 234 to 840 nm 
(i.e. 5.3 to 1.5 eV), and the reported optical constants were also corrected for the presence 
of a native oxide. Jellison's values are shown in Figure 6.2.
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Figure 6.2: Optical constants of crystalline Si as determined by Jellison. Note the fall-off in k at 
wavelengths greater than 370 nm where the photon energies are lower than the direct band gap energy
In Jellison's work, measurements were made on samples with face orientations of (100), 
(110) and (I II). For photon energies well below the direct band edge, the results for n and 
k were in agreement for all three orientations. However, above 3.35 eV discrepancies of 1- 
2% were reported between the different orientations. As seen from Figure 6.3, the 
absorption coefficient'^ is around 1 to 2 x 10^  cm ' in this region, which corresponds to an 
optical penetration depth of 10 to 5 nm. Thus, surface effects such as reconstruction and 
strains beneath the oxide have an impact on the optical constants, which was cited to 
explain the discrepancies.
Absorption coefficient a is given by 2nk/X
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Figure 6.3: The optical absorption coefficient of Si(lOO) at room temperature. The optical penetration 
depth is less than 10 nm for wavelengths less than 370 nm (to the left of the dashed-line)
The optical constants reported by Jellison compare well with a recent study made by 
Herzinger [148], who made VASE measurements on a series of wafers with thermal 
oxides of different thicknesses. Jellison’s values, presented in the form of a tabulated list, 
have been used for the Si substrate in the remainder of this study.
6.3.1.2 Silicon dioxide
Thermally grown silicon dioxides have been used extensively in semiconductor 
technologies over the last 40 years or so. In contrast, there has been little interest in native 
oxides, other than their effective removal prior to some form of wafer processing. The 
optical properties of thermally grown silicon dioxides have thus been extensively studied 
and are well quantified. One source of SiO? optical constants is the tabulated values for 
glassy SiOi found in Palik's handbook [25]. Below 5.8 eV, these data are the result of 
prism beam-deviation experiments and have a value of 1.4602 at 546.1 nm. Aspnes made 
measurements using a spectroscopic ellipsometer on wafers with crystallographic 
orientations <I00>, <IIO> and < l l l >  which had been prepared with thermal oxides
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grown in dry O2 at 1000°C [149]. At a wavelength of 546,1 nm, the index of refraction is 
slightly higher than that obtained by Palik and is 1.4631. More recently, Herzinger used an 
ellipsometer to determine the refractive index of thermal oxides prepared with differing 
thicknesses [148]. Multi-sample analysis techniques were applied over the range 0.75 to
6.5 eV and the refractive index determined with a Sellmeier function. A value of the 
refractive index of 1.4655 at 546.1 nm was obtained.
Taft [57] found the refractive index of thermally grown oxides (prepared in dry O2) 
decreases with growth temperature, reaching a minimum value of 1.4620 at a temperature 
of 1190°C, thereafter remaining constant. The reduction in the refractive index from 800 
to 1190'^C was around 1% and gives a corresponding reduction in oxide density of around 
3% when calculated using the Lorentz-Lorentz relationship’  ^ [150]. Taft concludes the 
value at 1190°C (and above) is the same as that of bulk fused quartz after applying a 
correction to account for strain in the oxide. Jellison has made a study of thermal oxides 
with thicknesses varying from 3 nm to 325 nm. He found the refractive index increased 
with reducing thickness [151] and concluded the oxide near the Si-Si02 interface was 
denser than that of fused silica as it is under compressive stress, probably due to the 
difference in lattice constants between Si and Si02. Extrapolating his data, Jellison 
reported values for the refractive index of a native oxide that were described by a 
Sellmeier function and gave a refractive index of 1.7489 at 546.1 nm, which is an increase 
of around 20% over fused silica.
6.3.1.3 Si"Si02 interfacial region
The presence of a silicon-rich interfacial region (i.e. SiOx where X<2) between a thermal 
oxide and Si substrate has been established. The physical structure of the interface is 
comprised of a compositional transition from Si to SiÛ2 containing sub-oxide states (see 
§2.4.1) and a strained region extending either side of the interface (see §2.4.2 and 
[57,151]). Studies of the interface formed between well defined substrates and thermal 
oxides have shown the compositional transition is achieved over two or three monolayers, 
with a strained region extending to two atomic layers within the Si [64]. Most of the strain
The authors used the Lorentz-Lorentz relationship in this form rP' — Y ' 2 +  j  ^ c^onstant
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associated with the transition from Si to SiO? is relieved within the oxide extending over 
5 nm or so.
In the context of ellipsometry, an interfacial region would be defined by an area that has 
optical constants that differ significantly from that of the oxide and/or Si in the bulk. From 
the aforementioned studies, the interface may consist of two regions where the optical 
constants differ, which relate to the sub-oxide and strained lattice. A number of studies of 
the interfacial region have been made with ellipsometry to determine its optical constants 
and thickness. These studies have all led to a region described by a higher refractive index 
than that of bulk SiOz. Aspnes studies of thermal oxides led to his conclusion the interface 
was best described as an optically transparent region with a thickness o f 0 .7nm and a 
refractive index o f n - 3 .2  (7=546.1 nm) [149]; the interface was modelled as a region 
containing atomically mixed Si and O, with an average stoichiometry of SiOo.4 . Aspnes 
values are comparable with those determined by Taft [152] who described the interfacial 
region as having a refractive index o f 2.8 and o f thickness 0.6 nm.
A common method of simulating the intermixing of materials at an interface is to assign 
optical constants for an interfacial layer using the Bruggeman Effective Media 
Approximation [102]. In the Bruggeman EMA approach, an assumption is made that the 
mixture is described as segregated inclusions of one material in another and that the 
individual inclusions are physically much smaller than the wavelength of the light. A three 
constituent Bruggeman EMA material is described by
 -
where / a ,  / b  and / c  are the volume fractions of the constituent materials (and must total 
unity), e is the complex dielectric function of the mixture, and £a, and ec are the 
complex dielectric functions of the constituent materials. Thus, if the optical constants of 
the constituent materials are known, Eqn. 6.4 may be used in an fitting process to predict 
the optical constants of the mixed material and the volume fractions of its constituents, and 
is valid for a two constituent material where/c is taken to be zero. When used with layers 
of the order of 1 nm thick, and when the intermixing is on an atomic scale, the EMA
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assumption may not be satisfied but it does provide an effective means to ‘average’ two 
sets of optical constants.
Yakovlev [153] simulated the intermixing of the optical constants of crystalline Si and 
SiOz to obtain a transition region with a stoichiometry of S i O o . 3 3  having a thickness o f 
0.6 nm and a refractive index o f 1.84 at 546.1 nm. Nguyen [154] adopted an EMA model 
of strained Si with Si02, which was used to predict an interface thickness of 2.2 nm that 
consisted of a few monolayers of strained crystalline Si (with a thickness of around 1.5 
nm) and a roughened interface of Si and Si02.
A second approach to modelling the transition region is to assume the interface is 
transparent and has a dispersion similar to Si02. Herzinger [148] used a VASE instmment 
to analyse samples with thermal oxides ranging in thickness from 2 to 350 nm; a Sellmeier 
function was used to fit the spectroscopic data and produced an interfacial region with a 
layer thickness o f 1 nm and refractive index o f 2.04 (7=546.1 nm). The exact nature of the 
interface was not uniquely discernable but the assumption of non-absorbing optical 
constants produced a slightly better fit when analysing the experimental data. Herzinger’s 
result is comparable with the aforementioned studies and was obtained with a robust data 
fitting procedure, which simultaneously provided the best-fit to the spectra measured for 
all the samples. For these reasons, Herzinger’s result has been used to model an interfacial 
region in the analysis made in this thesis. The Sellmeier model has values of offset=3.5, 
A=0.61497, B=0.115 jxm and C=0.010591 [xni^.
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6.4 Determining the optical constants of carbonaceous overlayer
Sample S(V1) has been cut from an undoped Si wafer, supplied with a <100> orientation, 
which has been prepared with an RCA clean followed by the growth an oxide, with a 
nominal thickness of 16 nm, in a dry oxygen environment at a temperature of 800°C. RBS 
channelling measurements of S(V1) have confirmed there is no detectable damage to the 
Si lattice in its near-surface region. Furthermore, the oxide was found to be stoichiometric 
with a measured value of SiOa.o (see §4.7). The absence of physical damage, and the 
growth of a well-defined and relatively thick thermal oxide, make this an ideal sample 
with which to establish the optical constants of the carbonaceous overlayer. Literature 
values for the refractive index for a bulk thermal oxide may be safely assumed for this 
sample, enabling the fitting process to concentrate on establishing the optical constants for 
the carbonaceous overlayer. Table 6-1 summarises the modelling strategy used to 
determine the refractive index nc of the carbonaceous overlayer.
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Table 6-1: Modelling strategy for determining the optical constants for an adsorbed carbonaceous overlayer
Sample S(V1), prepared with a thermal oxide
Measured parameters: dox = 15.5 nm (RBS); dc = 0.90 nm (XPS); rfw = 12 nm (GW)
Model (incorporating assumed and 
measured parameters)
Fit Result Notes
Ic Sellmeier: Uqx 
Si Jellison: n,ksi
dox dox -  17.69 nm 
MSE= 1.50
Oxide thickness is too great 
compared with RBS value
2c Cauchy W: dw= 1.2 nm; nw=T33 
Cauchy C: dc=0.90 
Sellmeier SiO :^ noxî dox =15.5 nm 
Si Jellison: n,ksi
Ac
Be
Ac= 1.930 
Be =0.015
lie = 1 . 8 8 6
MSE = 1.70
Ac & Be are strongly
correlated;
nc is unrealistic;
Be is unrealistic
3c Cauchy W: dw= 1.2 nm; nw=1.33 
Cauchy C: dc=0.90 
Sellmeier SiOg: Uqx; dox =15.5 nm 
Si Jellison: n.ksi
Ac Ac = 1.853 
iic= 1.853 
MSE= 1.70
nc is unrealistic
4c Cauchy W: dw= 1.2 nm; nw=l .33 
Cauchy C: dc=0.90 
Sellmeier SiO?: Uqx; dox =14.8 nm 
Sellmeier Int: Ujm; di„t=1.0 nm 
Si Jellison: n.ksi
Ac Ac = 1.268 
nc = 1.268 
MSE= 1.52
nc is realistic;
5c Cauchy W: dw= 1.2 nm; nw=1.33 
Cauchy C: dc=0.90; Bc=0.01 
Sellmeier SiÜ2: uox: dox =14.8 nm 
Sellmeier Int: n t^: dmt=1.0 nm 
Si Jellison: n,ksi
Ac Ac= 1.225 
nc= 1.253 
MSE= 1.52
Force dispersive profile of 
Cauchy 2 & fit for Ac; 
nc is realistic;
Common to all models is the inclusion of an oxide layer described by a Sellmeier function 
with parameters offset=1.3000, A=0,81996, B=0.10396 and C=0.01082, as determined by 
Herzinger [148]. The optical constants for the Si <100> substrate are those determined by 
Jellison [146]. Model Ic is included to demonstrate the importance of establishing 
complementary data to aid the analysis process. Here, a one-layer model of an oxide on a 
Si substrate is used to interpretate the measured VASE spectra. The model is fitted to the 
measured W and A spectra by varying the oxide thickness, and the result is shown by 
Figure 6.4. The fitting process gives an oxide thickness of 17.69 nm and a corresponding 
MSE value of 1.50. On first examination this would appear a perfectly reasonable result. 
However, complementary data are available which provide evidence that a one-layer 
model does not accurately represent the surface: RBS has been used to independently 
measure the oxide thickness and gives a value of 15.5 nm (±0.9 nm); XPS analysis shows 
the presence of a carbonaceous overlayer with a calculated thickness of 0.90 nm
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(±0.17 nm); and GW shows that four layers of HiO are adsorbed at an RH of 40% (equal 
to the ambient RH at the time of making the VASE measurements). Thus, the model is in 
error and has compensated by producing an oxide thickness that is too great.
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Figure 6.4: Measured A and Y spectra obtained for sample S(V 1 ). The spectra have been interpretated with a 
one-layer model consisting of amorphous SiO] on a Si substrate. In the absence of complementary data, the 
quality of the model fit would suggest the surface is adequately described by this model
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Model 2c incorporates the oxide thickness dox, carbonaceous layer thickness dc and 
adsorbed water layer thickness c/w The value for rfw is 1.2 nm and is obtained from the 
GW weighing result at an RH of 40% (see §5.5.3) and the refractive index of the water 
layer is taken to be 1.33 [155] over the wavelength range 350 to 700 nm. The refractive 
index of the carbonaceous overlayer was measured by varying this parameter within a 
Cauchy function to obtain the best-fit to the measured spectra. The assumption is made 
that the carbonaceous overlayer will not absorb at visible wavelengths, which is perfectly 
reasonable for an organic compound of carbon, hydrogen and oxygen such as polymers 
and organic solvents. The overlayer has therefore been modelled using the Cauchy 
function that describes only the real part of the optical constants (i.e. Eqn. 6.1), where the 
layer thickness is taken as 0.90 nm and the parameters Ac (refractive index) and Be 
(dispersion) are varied. The result of the fit provides unrealistic values for both the 
refractive index and its dispersion; the value of nc is 1.886 (2=590 nm) and Be is -0.015. 
One would expect the refractive index to have a significantly lower value (for example 
Octanol, where n = 1.43), and a negative value for the dispersion implies the refractive 
index increases with wavelength which is physically unrealistic for an visibly transparent 
material below its bandgap energy. Model 3c shows how the result is modified when a 
non-dispersive profile (i.e. Bc=0) is used. The value of nc is still physically unrealistic 
being 1.85.
As discussed in §6.3.1.3, the presence of an interfacial region for thermal oxides has been 
firmly established in the literature. Model 4c incorporates a Si-Si02 interfacial sub-oxide 
region defined by the result obtained by Herzinger [148]. Its inclusion means it is now 
necessary to re-calculate the value of the oxide thickness obtained with RBS to 
accommodate a 1 nm interfacial region with an average stoichiometry of SiO. Hence, the 
oxide thickness corresponding to Si02 is reduced to 14.8 nm. The measurement fit, as 
indicated by the MSE value, is improved over that obtained for the previous two models 
(i.e. 2c and 3c) and the value of the refractive index nc= 1.268 appears physically 
reasonable. A dispersive profile was forced in Model 5c by assuming incremental values 
for Be and observing the trend in the difference between the generated and experimental 
spectra. Values of Bc>0.01 led to an increased error, whilst values below gave a similar 
MSE. As there was no significant improvement by including optical dispersion, the 
refractive index has been taken as nc=1.27 (±0.34) over the wavelength range 350- 
700 nm.
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A qualitative comparison of this result may be made from knowledge of the composition 
of the carbonaceous overlayer. XPS has identified the two main functional groupings as 
being C-H (80%) and C-OH (15%). Octanol, CH3(CH2)?OH, has a similar composition 
and a refractive index of 1.4295 at 589.3 nm [156]. The lower value of nc is likely due to 
its density being less than octanol. A study of carbonaceous overlayers adsorbed on Pt-Ir 
and stainless steel surfaces concluded the density of the material was between 0.3 and 0.42 
g cm’^  [4]. The density of octanol is 0.827 g cm‘^ . A refractive index of 1.27 corresponds 
to a substance consisting of 34% voids in octanol. The estimated density of such a material 
would be 0.66 x 0.827 = 0.55 g cm which is similar to the literature values. In all 
subsequent analysis of VASE spectra, the refractive index of the carbonaceous overlayers 
is taken to be 1.27(±0.34).
6.5 Optical models for polished Si surfaces
6.5.1 Analysis of CMP wafers
The strategy has been to first develop the optical model used to describe the CMP 
processed surfaces. This decision was based on the lower levels of damage that were 
detected by RBS and VASE for these samples compared with the mechanically polished 
surfaces. As such, their VASE spectra may prove more straightforward to interpretate. 
Table 6-2 summarises the modelling strategy as it has evolved to arrive at the most 
realistic physical model of the surface that is consistent with the data gained from RBS, 
XPS and GW. The example considers only sample V(IOO), but the observations made for 
each model largely apply to all the samples studied i.e. V(llO), V ( ll l ) ,  V(211) and 
V(311). Where the observations differ, the detail is discussed and the results presented for 
all the samples.
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Table 6-2; Developing an optical model for oxide and damaged regions on CMP treated wafers
Sample V(IOO), prepared with a CMP process
Measured parameters: dox = 1.40 nm (RBS); d^si = 0.71 nm (RBS); rfc = 1 -0 nm (XPS); 
rfw = 1.2 nm (GW)
Model (incorporating assumed and 
measured parameters)
Fit Result Notes
1 Sellmeier: iiox 
Si Jellison: n.ksi
dox dox = 4.19 nm 
MSE = 1.89
Oxide thickness too great and fit in A at 75° is poor
2 Cauchy W: dw=1.2 nm; nw=1.33 
Cauchy C: dc=1.0 nm; iic=l .268 
Sellmeier SiOz: nox 
Si Jellison: n,ksi
dox dox = 2.47 nm 
MSE= 1.83
Oxide thickness too great and fit in A at 75° is poor
3 Cauchy W: dw=1.2 nm; nw=1.33 
Cauchy C: dc=1.0 nm; nc=1.268 
Cauchy 3: dox= 1.4nm;
Si Jellison: n.ksi
Aox
Box
Aox = 1.8568 
Box = 0,0499 
nox “ 2 . 0 0 0  
MSE = 4.11
Poor fit in y & A
4 Cauchy W: dw=1.2 nm; iiw=1.33 
Cauchy C: dc=1.0 nm; Uc= 1.268 
Sellmeier SiO]: hqx 
Tab a-Si: Ua-si 
Si Jellison: n,ksi
dox
da-Si
dox = 2.38 nm 
da-si = 0.15 nm 
MSE = 1.64
Improved fit to spectra but fit in A still poor at 75°; 
oxide thickness too great
5 Cauchy W: dw= 1.2 nm; nw= 1.33 
Cauchy C: dc=1.0 nm; iic= 1.268 
Sellmeier SiO]: Hqx 
EMAl(a-Si/Sell Si02);
Si Jellison: n.ksi
dox
d e M A i
dox = 2.09 nm 
dEMAi=0.31nm
MSE = 1.79
total thickness of oxide 
is too great (i.e. dox + 
0.5 X d e M A i) ;  fit in A at 75° is poor;
dox and deMAi are strongly correlated
6  Cauchy W: dw= 1.2 nm; nw= 1.33 
Cauchy C: dc=1.0 nm; iic= 1.268 
Sellmeier SiO]: nox 
EMA2(a-Si/Si Jell);
Si Jellison: n,ksi
dox
dsM A Z
dox = 2.38 nm
dEMA2=0.30nm 
MSE = 1.62
Oxide thickness too great and fit In A at 75° is poor;
dox and dsMAz are strongly correlated
7 Cauchy W: dw=1.2 nm; iiw=1.33 
Cauchy C: dc=1.0 nm; nc= 1.268 
Sellmeier SiO]: nox: dox=1.4nm 
EMA3 (Si Jell/a-Si/void)
Si Jellison: n,ksi
dfiMAS
%SiJell
%void
dEMA2=1.64nm 
%a-Si=11.3 
%void =23.9 
nEMA3— 3.305 
k E M A 3 =  0.079 
MSE = 1.64
Strong correlation between constituent parts of EMA layer; predicted optical constants are physically reasonable
8  Cauchy W: dw=1.2 nm; nw=1.33 
Cauchy C: dc=1.0 nm; nc= 1.268 
Sellmeier SiO]: Uqx; dox=1.4nm 
Tab a-Si: Ua-si 
EMA4 (Si Jell/void)
Si Jellison: n,kgi
da-si= 1.25 
d E M A 4 =  19.80 
%void=5.1 
MSE= 1.29
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Model 1 is a simple one-layer model of an oxide layer on a Si substrate. Fitting for the 
oxide thickness yielded a value of 4.19 nm, which is too high compared with the 
quantifiable RBS result of 1.40 nm (± 0.28). Furthermore, the quality of the fitted model to 
the A spectra is relatively poor, especially at an angle-of-incidence of 75° (i.e. near the 
pseudo-Brewster angle for crystalline Si) where the change in A is greatest. The quality of 
the fitted result is demonstrated by Figure 6.5, which shows the difference between the 
calculated and experimental data points for both A and i//. The precision with which A and 
If/ can be determined with the Woollam ellipsometer is approximately 0.015° and 0.08° 
respectively [102].
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Figure 6.5: The difference between the calculated and experimental data points for A 
(upper) and ^ (lower) ellipsometric angles; the fit is poorest at an angle-of-incidence of 
75°where differences in A of over 4° are obtained
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Model 2 incorporates a carbonaceous layer (labelled as Cauchy C) and adsorbed water 
(labelled as Cauchy W). The refractive index of the carbonaceous layer has been 
established as 1.268 (see §6.4), and its thickness has been measured with XPS as 1 nm. 
The refractive index of the water layer has been taken as 1.33 and its thickness of 1.2 nm 
has been estimated from the adsorption isotherm for water at an ambient relative humidity 
of 40% (see §5.5.3). The oxide thickness is therefore the only parameter that is varied to 
provide the best-fit to the experimental data and a value of 2.47 nm is obtained. This 
value, although smaller than that calculated with model 1, is almost twice that determined 
with RBS. Again, a poor fit to the A spectrum was obtained at an angle-of-incidence of 
75°.
The literature (see §6.3.1.3) provides evidence that an oxide on an crystalline Si substrate 
is under compressive stress at the Si-SiOz interface, which creates a region within the 
oxide that has a higher refractive index and density compared with that of a bulk oxide. In 
model 3, the Sellmeier oxide layer is replaced by a Cauchy layer in an attempt to 
determine the refractive index of the oxide. To avoid correlation between fit parameters, 
the thickness of the Cauchy layer is taken from the RBS result which is 1.40 nm. A very 
poor fit has been obtained (indicated by an MSE value of 4.11) which provides evidence 
the model is not correct and the VASE spectra cannot be explained by a visibly transparent 
region with a relatively high refractive index.
The final piece of complementary data is the presence of sub-surface damage detected 
with RBS. In addition to the water and carbonaceous layers, an amorphous Si region 
between the oxide and Si substrate has been included in model 4. The optical constants for 
the amorphous region are those reported by Palik [25] and the amorphous layer thickness 
da-si and oxide dox layer thickness are varied as the fit parameters. Model 4 provides an 
improved fit to the measured spectra compared with the previous models (indicated by a 
relatively low MSE value of 1.64) but the calculated oxide thickness of 2.38 nm remains 
too great compared with 1.40 nm established with RBS. The spectra for the remaining 
crystallographic orientations, i.e. (110), (111), (211) and (311), have been analysed with 
model 4 and the results presented in Table 6-3. In contrast to the result obtained for sample 
VlOO, the fitted values of oxide thickness for the remaining samples are in good 
agreement with those determined by RBS, which is shown in Figure 6.6.
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Table 6-3: The VASE spectra obtained for samples V I10, VI! I, V211 and 
V311 are interpretated with model 4. The fitted values of oxide thickness are in 
good agreement with those determined with RBS
Sample V(llO), prepared with a CMP process
Measured: dox = 1 -32 nm (RBS); d^ .s\ = 0.36 nm (RBS)
Result Notes
dox = 1.44 MSE= 1.40
da-Si = 0.16
Good fit to the measured spectra; 
oxide thickness compares well with RBS
Sample V (lll), prepared with a CMP process
Measured: dox = 153 nm (RBS); da si =0.19 nm (RBS)
dox =1.88 MSE= 1.53 
da-Si = 0.14
Good fit to the measured spectra; 
oxide thickness compares well with RBS
Sample V(211), prepared with a CMP process
Measured: dox = 1.67 nm (RBS); da-si = 0.41 nm (RBS)
dox = 2.05 MSE= 1.43 
da-Si = 0.17
Good fit to the measured spectra; 
oxide thickness compares well with RBS
Sample V(311), prepared with a CMP process
Measured: dox = 1 79 nm (RBS); da-si = 0.43 nm (RBS)
dox = 2.02 MSE= 1.28 
da-Si = 0.14
Good fit to the measured spectra; 
oxide thickness compares well with RBS
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Figure 6 .6 : Oxide thicknesses calculated using model 4 are compared with 
values obtained with RBS
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An explanation for the poor result obtained with sample VlOO might reside with its 
relative level of sub-surface damage. The RBS measurements of amorphous layer 
thickness reveal that sample VlOO has the thickest region being 0.71 nm. However, 
quantification of the RBS spectra showed the damaged regions cannot be considered as 
being wholly amorphous but are more likely formed from a mixture of amorphous Si and 
dislocations that penetrate further into the Si crystal (see §4.4.3). Sample VlOO, with its 
higher level of damage, would therefore be least adequately described by a model that 
assumes the damage Si is fully amorphised. In view of these considerations, the next stage 
has been to use EMA layers between the Si substrate and the oxide with the aim of 
establishing the thickness, and optical constants, of an interfacial region that incorporates 
damage to the Si lattice.
Model 5 attempts this with an EMA layer that is a mixture of amorphous silicon (a-Si 
Palik) and oxide (Sellmeier Si02)- It is not possible to independently vary both the EMA 
layer thickness and the mixing fraction as they are too strongly correlated (in this 
circumstance the correlation matrix had a value of unity). The mixing fraction was 
therefore set at 50%, which effectively describes a roughened Si-SiOz interface with the 
inclusion of amorphous damage to the Si lattice. The thickness of the layer was found to 
be approximately 40% of that predicted by RBS channelling but due to the ambiguity of 
the nature of the damage, this result is not surprising. However, modelling the interface as 
a mixture of amorphous and oxide material does not improve on the previous model, and 
the fit to the A spectrum remains poor at an angle of 75°. Model 6 uses an EMA layer that 
is a mixture of amorphous Si (a-Si Palik) and crystalline Si (Si Jell). The mixing fraction 
was again set to 50% and the thickness of the oxide layer and EMA layer are varied. 
Providing a roughened interface of amorphous and crystalline Si does not improve on the 
result obtained with model 4v, where these two components are separated.
A 3-constituent EMA layer has been included in model 7 that consisted of crystalline 
silicon (Si Jellison), amorphous silicon (a-Si Palik) and air voids (refractive index o f J). 
The use of 3-constituent model in this manner provides a good degree of flexibility when 
mixing the optical constants. A physical interpretation of such a layer would again be a 
roughened interface with the inclusion of damage to the crystal. Unrealistic results are 
obtained when the spectra are fitted by varying both the oxide and EMA layer thickness as 
both parameters are too strongly correlated. Instead, the thickness of the EMA layer and
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its mixing fractions (i.e.% a-Si and % void) were varied, whilst the oxide thickness 
remained fixed at 1.40 nm. There still remains a strong degree of correlation between the 
mixing fractions and the EMA layer thickness, and thus the best-fit solution is not 
physically unique. The fitted mixing fractions give a value of 11.3% for the amorphous Si 
content and 23.9% for the voids, which produces a value for the refractive index /?ema3 of 
3.305 at 590 nm. For comparison, the refractive index of crystalline silicon HcSi is 3.959 at 
590 nm using Jellison's data. The refractive index predicted with this EMA model would 
therefore appear unrealistically low. Applied to the remaining samples, model 7 provides 
more realistic values for the refractive index, resulting from fitted void mixing fractions 
which are less than 7%. However, the usefulness of this model is limited due to the strong 
correlations between the fit parameters.
The final approach has been to model an amorphous Si region separately over an EMA 
layer consisting of a mix of aystalline Si and voids. The results are shown under model 8. 
The assumption behind this approach is that a damaged region containing a significant 
concentration of dislocations will give rise to optical constants that are lower than that of 
crystalline silicon because of the density of the damaged region is lower. Damage that 
consists of an amorphous region at the Si-SiOz interface with dislocations extending into 
the crystalline silicon is consistent with Puttick’s studies on single-point diamond turning 
[78], and Johansson’s [76] and Zhang’s [85] work on polished surfaces. The thickness of 
the amorphous region was found to be 1.2 nm, whilst the thickness of the EMA layer was 
19.8 nm, with a void fraction of 5.1%, These values appear physically reasonable and are 
consistent with data given in the literature for polished silicon surfaces (discussed in 
§2.5.4). Furthermore, the fit to the experimental data yielded an MSE of 1.29, which is a 
significant improvement over all previous models and a good fit obtained to both i}/ and A. 
The fit of the modelled data to the experimental data is shown by Figure 6.7.
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Figure 6.7: Measured ellipsometric angles for sample VI00. The fit to the experimental data is 
provided by model 8
Analysis of the remaining samples with model 8 gave consistent values for the thickness 
of the EMA layer at around 20 nm, whilst the void fraction varied between 0.88% (sample 
V 110) to 2.2% (sample V 111 ). The results are presented in Table 6-4.
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Table 6-4; Fitting results obtained with model 8  for the samples VI10, Vll I, V211 and V311
Sample V(llO), prepared with a CMP process
Measured: dox = 1.32 nm (RBS); dasi = 0.36 nm (RBS)
Result Notes
da-si = 0.32 MSE= 1.33 
dEMA4~23.5 I 
%void=0.88
Good fit to the measured spectra;
Sample V (lll), prepared with a CMP process
Measured: dox = 153 nm (RBS); dasi= 0.19 nm (RBS)
da-si=0.58 M SE=1.28
dEMA4=22.30
%void=2.2
Good fit to the measured spectra;
Sample V(211), prepared with a CMP process
Measured: dox = 1.67 nm (RBS); dasi = 0.41 nm (RBS)
da Si =0.61 MSE=1.31
dEMA4=21.00
%void=2.1
Good fit to the measured spectra;
Sample V(311), prepared with a CMP process
Measured: dox = 179 nm (RBS); cLsi = 0.43 nm (RBS)
da Si = 0.39 MSE=1.22
dEMA4=21.26
%void=1.2
Good fit to the measured spectra;
Figure 6.8 shows the difference between the fitted and measured spectra for sample 
V(IOO) when using model 8. The results for the remaining CMP samples also showed a 
similar level of fit. Although the fitted spectra are significantly improved compared with 
previous models, there is a systematic trend in the A data at 75° which indicates there are 
still departures between the model and the real physical surface. A limiting factor might be 
the assumption that the surface layers are optically homogenous. In particular, a damaged 
region is unlikely to have uniform optical constants as the level of damage is likely to 
decrease as the bulk crystalline Si is approached. Model 8 does allow for change in the 
optical properties by making provision for a separate amorphous region but still assumes 
both the amorphous Si region, and the disturbed region below, are optically homogenous 
and all the interfaces between layers are sharp, and not graded. It is possible to model a 
layer which has optical constants that are graded (i.e. vary with vertical position within the 
layer). However, without knowledge of the thickness of the layer, there are two many 
unknown parameters and the fitting process becomes too correlated.
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6.5.2 Mechanically polished samples
Table 6-5 summarises the modelling strategy used to interpretate the spectra from the 
mechanically polished surfaces. The applied models are the same as those developed 
for the CMP processed surfaces. Again, the data is presented for a single sample, in this 
case T(IOO), but where the observations differ between the samples the data is 
presented for all the samples.
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Table 6-5; Developing an optical model for the mechanically polished wafers
Sample T(IOO), prepared by mechanical polishing
Measured parameters: dox = 1.18 nm (RBS); da_si= 2.67 nm (RBS); dc = 1 nm (XPS); 
dw = 1.2 nm (GW)
Model (incorporating assumed and 
measured parameters)
Fit Result Notes
1 Sellmeier: Uox 
Si Jeliison: n,ksi
dox dox = 4.37 nm 
MSE= 2.29
oxide thickness too great; 
poor fit to v|/ & A
2 Cauchy W: dw= 1.2 nm; nw= 1.33 
Cauchy C: dc=1.0 nm; nc=l.268 
Sellmeier Si0 2 : Hqx 
Si Jeliison: n,ksi
dox dox = 2.65 nm 
MSE= 2.26
oxide thickness too great; 
poor fit to \|/ & A
3 Cauchy W: dw= 1.2 nm; nw= 1.33 
Cauchy C: dc=1.0 nm; iic= 1.268 
Cauchy 3: dox= 1.18nm;
Si Jeliison: n,ksi
Aox
Box
Aox = 1.7444 
Box = 0.0803 
nox = 1.9750 
MSE= 6.31
extremely poor fit to \j/ & 
A
4 Cauchy W: dw= 1.2 nm; nw== 1.33 
Cauchy C: dc=1.0 nm; nc= 1.268 
Sellmeier SiO?: nox 
Tab a-Si: n„.si 
Si Jeliison: n,ksi
dox
da-Si
dox = 2.47 nm 
d„.si = 0.32 nm 
MSE= 1.55
much improved fit but 
oxide thickness is too 
great
5 Cauchy W: dw= 1.2 nm; nw= 1.33 
Cauchy C: dc=l.O nm; nc= 1.268 
Sellmeier SiOg: iiqx 
EMAl(a-Si/Sell SiO,);
Si Jeliison: n,ksi
dox
deMAi
dox = 1.18 nm 
dEMAi=l. 2 2  nm 
MSE= 1.74
total thickness of oxide is 
too great (i.e. dox + 0.5 x 
deMAi);
dox and deMAi are strongly 
correlated
6  Cauchy W: dw= 1.2 nm; nw= 1.33 
Cauchy C: dc=l.O nm; nc=1.268 
Sellmeier SiOa: nox 
EMA2(a-Si/Si Jell);
Si Jeliison: n,ksi
dox
dEMA2
dox = 2.49 nm 
dEMAi= 0.58 nm 
MSE= 1.59
oxide thickness too great;
7 Cauchy W: dw=l.2 nm; iiw=1.33 
Cauchy C: dc=l.O nm; iic= 1.268 
Sellmeier Si0 2 :nox;dox= 1.18nm 
EMA3 (Si Jell/a-Si/void)
Si Jeliison: n,ksi
dEMAB
%SiJelI
%void
deMA2=3 .0 1  nm 
%a-Si=15.8 
%void =16.4 
nox = 3.5502 
kox = 0.1062 
MSE= 1.57
Strong coiTelation 
between constituent parts 
of EMA layer;
optical constants are 
reasonable
8  Cauchy W: dw= 1.2 nm; nw= 1.33 
Cauchy C: dc=1.0 nm; nc= 1.268 
Sellmeier Si0 2 :nox;dox= 1.18nm 
Tab a-Si: n^ .g.
EMA4 (Si Jell/void)
Si Jeliison: n,ksi
da-si= 1.60 nm
dEMA4= 17.08 
nm
%void=6 .1  
MSE= 1.38
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Models 1 to 3 show similar shortcomings as those when applied to the CMP surfaces; the 
best-fit results for the mechanically polished surfaces are even less convincing than 
obtained with the CMP surfaces, and higher values of MSB are obtained (the largest being 
6.31 for model 3). The conclusion is that the mechanically polished surfaces cannot be 
accurately described by a model consisting wholly of optically transparent components. 
Damage to the crystalline structure at its interface with the oxide must therefore be 
included in a more realistic model.
Model 4 makes provision for a damaged region by the inclusion of an amorphous region 
between the oxide layer and Si substrate. In common with the results for the CMP 
surfaces, a much improved fit to the experimental data is obtained by the inclusion of an 
amorphous region. However, the oxide thickness remains too great, with a value of 2.41 
nm, which compares with 1.18 (±0.24)nm determined with RBS for sample T(IOO). The 
spectra from the remaining crystallographic orientations have been analysed with model 4 
and the results summarised in Table 6-6.
Table 6 -6 : The VASE spectra obtained for samples T110, T il  1, T211 and T311 
are interpretated with model 4. Unlike the CMP surfaces, the oxide thicknesses 
calculated for the mechanically polished surfaces are too great compared with 
those determined with RBS
Sample T(llO), prepared by mechanical polishing
Measured: dox = 1.11 nm (RBS); da_si= 0.66 nm (RBS)
Result Notes
dox = 1.54 MSE= 1.53
da-si = 0.16
Good fit to measured spectra; 
oxide thickness is too great cf. RBS
Sample T (lll), prepared by mechanical polishing
Measured: dox = 1.25 nm (RBS); da.g;= 2.73 nm (RBS)
dox = 2.19 MSE= 2.20 
da.si = 0.33
Good fit to measured spectra; 
oxide thickness is too great cf. RBS
Sample T(211), prepared by mechanical polishing
Measured: dox = 128 nm (RBS); d„.si= 4.98 nm (RBS)
dox =1.82 MSE= 2.47
da.si = 0.66
Reasonable fit to the spectra; 
oxide thickness is too great cf. RBS
Sample T(311), prepared by mechanical polishing
Measured: dox = 130 nm (RBS); da.si= 4.46 nm (RBS)
dox = 1.71 MSE= 1.52 
da-si = 0.46
Good fit to the measured spectra; 
oxide thickness is too great cf. RBS
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In contrast with the results obtained for the CMP surfaces, the values of oxide thickness 
predicted with model 4 are too great compared with their RBS counterparts. This trend is 
shown by Figure 6.9 where the systematic difference is observed.
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Figure 6.9: Thickness of the oxide layers formed on the mechanically polished 
samples determined with VASE (using model4) and RBS
The RBS measurements have shown that the levels of damage within the mechanically 
polished surfaces are greater than those for the CMP surfaces (see §4.4.1). The argument 
developed to explain the shortcomings of model 4 to explain the spectra from the CMP 
surfaces applies equally to the mechanically polished surfaces; an interfacial region that 
contains both amorphous material and dislocations will not be correctly modelled by a 
layer that is fully amorphised. It is conjectured this is the reason why the calculated oxide 
thicknesses are too great.
The variation in the amorphous layer thicknesses between the samples show a high degree 
of correlation between the VASE and the RBS values, which is shown by Figure 6.10. 
Note the ordinate axes have different scales as the amorphous layer thicknesses predicted 
by RBS are about an order of magnitude greater than those by VASE. This is a significant 
result and demonstrates that both techniques are sensitive to the presence of damaged 
region and, more importantly, both agree on the relative amount of damage in each of the
1 6 0
crystal orientations. The resulting correlation gives rise to the possibility of developing a 
model for the VASE analysis that is consistent with the RBS data.
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Figure 6.10: Comparison of the thickness of amorphous layers determined 
with VASE using model 4 (left ordinate axis) and RBS (right ordinate axis) for 
the mechanically polished samples
Models 5 and 6 attempt to model a roughened interface which incorporates amorphous Si. 
The conclusions drawn are similar to those for the CMP wafers: the predicted values of 
oxide thickness are too great and the fit to the A spectrum at 75° is poor. The 3-constituent 
EMA layer of model 7 suffers from the same shortcoming as when applied to the CMP 
surfaces; the correlation between the fit parameters of EMA layer thickness and mixing 
ratios is high and generates a result that may not be physically unique. The fitted void 
content is 16.4% which seems unrealistically high.
In common with the CMP surfaces, model 8 appears to describe the mechanically polished 
surface most accurately. The thickness of the amorphous region was found to be 1.6 nm, 
whilst the thickness of the EMA layer was 17.08 nm, with a void fraction of 6.1%. These 
results all appear physically reasonable. Furthermore, the fit to the experimental data 
yielded an MSE of 1.38, which is a significant improvement over all previous models and
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a good fit obtained to both y/ and A. The fit of the modelled data to the experimental data 
is shown by Figure 6.11.
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Figure 6.11: Measured ellipsometric angles for sample TV 100. The fit to the experimental data is 
provided by model 8
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Analysis of the remaining samples with model 8 provides realistic values for the 
amorphous layer and EMA layer thickness, with the void fraction varying between 2.0 % 
(sample T110) to 4.1 % (sample T111). The results are presented in Table 6-7.
Table 6-7: Fitting results obtained with model 8  for the samples T110, T 111, T211 
and T311
Sample T(llO), prepared with a CMP process
Measured: dox = 1.11 nm (RBS); = 0.66 nm (RBS)
Result Notes
da-si= 0.58 nm MSE= 1.50 
dE M A 4 =  18.4 nm 
%void = 2.0
Good fit to the measured spectra;
Sample T (lll), prepared with a CMP process
Measured: dox ~ 1.25 nm (RBS); f/„.si= 2.73 nm (RBS)
d.,.si = 1.07 nm MSE= 1.91 
dEMA4 ~ 13.86 nm 
%void = 4.1
Good fit to the measured spectra;
Sample T(211), prepared with a CMP process
Measured: dox -  128 nm (RBS); 7^a-si= 4.98 nm (RBS)
da-si = 0.98 nm MSE= 1.97 
d E M A 4 =  9.41 nm 
%void = 3.2
Good fit to the measured spectra;
Sample T(311), prepared with a CMP process
Measured: dox = 130 nm (RBS); <7a.si= 4.46 nm (RBS)
da-si = 0.67 nm MSE= 1.34 
d s M A 4 =  9.64 nm 
%void = 2.0
Good fit to the measured spectra;
In summary, model 8 would appear to offer the most realistic interpretation of the spectra 
obtained from the mechanically polished suifaces. Unfortunately, this model is difficult to 
apply to an unknown surface without any complementary data available. Without such 
information (e.g. oxide thickness or damage layer thickness) a simultaneous fit must be 
made of the oxide and amorphous layer thicknesses, as well as the thickness and 
constituent components of the EMA layer, which results in too many strongly correlated 
fitting components. Analysis of a sphere therefore presents a problem as VASE is the only 
technique employed in this study that may be used on this artefact. The next chapter 
discusses the VASE results obtained for a Si sphere. In an effort to include damage in the 
analysis, model 8 was used to interpretate the sphere's VASE spectra but without fitting 
for the parameters of the EMA layer. Instead, the mean values of EMA layer thickness and
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void fraction were calculated from the results obtained for the five flat samples, and then 
used as fixed parameters in the model. The calculated mean values are /^ema4 = 13.7 nm 
and %void = 3.5.
6.6 Chapter conclusions
Fits have been obtained for both the CMP and mechanically polished surfaces. Essential to 
the model building process was the inclusion of a strongly physisorbed overlayer of 
carbonaceous material and an adsorbed water layer due to the ambient relative humidity. 
A convincing fit could only then be obtained when damage to the Si lattice was included 
in the model building. Modelling the damage as an amorphised Si layer over an EMA 
layer of crystalline Si and voids provided the most realistic interpretation of the CMP and 
mechanically polished surfaces, both in terms of the data obtained with RBS and studies in 
the literature. The EMA layer is taken to represent a region containing a significant 
dislocation density. However, this model is difficult to apply to an unknown surface 
without any complementary data available.
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CHAPTER 7: Application of optical models to Avogadro spheres and future work
7.1 Chapter overview
VASE measurements have been made on a polished silicon sphere. Two models are 
applied to this 'unknown' surface without any complementary data. The first model 
assumes there is no damage to the Si lattice, and the second model is that developed for 
the flat samples in the preceding chapter and incorporates sub-surface damage.
7.2 Determining the crystallographic orientation of the silicon sphere
VASE spectra were measured on the surface of a 1 kg sphere of polished Si single crystal 
at locations corresponding to its principle crystallographic directions (i.e. <100>, <110> 
and <111>). The crystal was orientated with respect to two orthogonal <100> directions 
that had previously been identified on the sphere's surface with a back-reflection Laue 
technique. The experimental details are given in reference [157], which is included in 
Appendix 2. During this process, each <100> direction was temporarily marked with ink 
whilst the sphere was mounted on the goniometer stage that was used to align its surface 
with the X-ray beam. The sphere was then removed from the goniometer and the 
temporary marks replaced with permanent ones that were etched with a Nd:YAG laser 
instrument. Both <100> directions (which were later taken to represent the [100] and the 
[010]*^ directions in the analysis below) were marked with an etched O character whose 
geometrical centre correspond to the <100> direction. The dimensions of each character 
was approximately 4 mm, thus providing adequate space to accommodate the 
ellipsometer's focused beam spot.
Here we are using bold characters to represent what is often referred to as 1-bar
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7.3 VASE measurements
7.3.1 Experimental procedure
A second goniometer was constructed for the alignment of the sphere with the VASE's 
optical beam and is shown by Figure 7.1. This device enables the rotation of a supported 
sphere through 360° about two orthogonal axes. The sphere is placed on the lower PTFE 
support ring (labelled 1 in the figure) which is attached to a 360° rotary stage via a 
threaded brass collar. This support ring and rotary stage have been co-axially aligned 
during their assembly and are used to rotate a sphere about its vertical axis. In a similar 
manner, the upper PTFE support (2) is co-axially aligned with a second 360° rotary stage. 
The sphere is clamped by the adjustment of the two upper PTFE supports (2 and 3) and 
can now be rotated about a horizontal axis.
PTFE supports
m
Threaded c
X-Y adjustment
Figure 7.1: Goniometer used to support and rotate a sphere about two 
orthogonal axes
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The sphere and goniometer were then placed within the VASE instrument and aligned 
such that the sphere's [100] direction was made to be co-axial with the optical beam 
emerging from the polariser when the angle-of-incidence was set to 0°. Figure 7.2 is a 
photograph showing this configuration. This alignment was made using the X-Y screws 
shown in Figure 7.1.
Figure 7.2: Co-axial alignment of the sphere's [100] direction with 
the optical beam from the polariser at an angle-of-incidence of 0°
VASE measurements were made at positions on a great circle by rotating the sphere 
through 360° about its horizontal axis. Figure 7.3 shows a measurement being made. 
Spectra were recorded at points along two great circles that correspond to the 
crystallographic directions summarised in Table 7-1 (the great circles are identified as A 
and B in the table). At each location the surface was cleaned with ethanol applied with a 
cotton tipped bud, and the surface left 10 minutes before making a VASE measurement to 
allow the process of water sorption to equilibrate.
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Figure 7.3: A spectrum being measured from the surface of the Si sphere. In this example, the 
angle-of-incidence was 76°
Table 7-1: VASE spectra were recorded at the crystallographic directions given below. Eight directions 
were analysed on each great circle
Great
circle
Position of the rotary stage relative to the [100] direction (taken to be 0°)
0° 45° 90° 135° 180° 225° 270° 315° 0°
A [100] [110] [010] [110] [100] [110] [010] [110] [100]
B [100] [111] [O il] [111] [100] [111] [O il] [111] [100]
7.3.2 Spectral parameters
The VASE spectra were measured over the range from 350 nm to 700 nm, and at angies- 
of-incidence of 76°, 77° and 78°, thereby optimising the sensitivity of the measured 
parameters and A to the silicon substrate. By way of illustration. Figure 7.4 shows the 
spectra obtained from the sphere's surface at a location corresponding to the [100] 
direction. A large variation in A around zl=90° has been obtained by making the spectral
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measurements near the pseudo-Brewster angle for silicon. Also evident is the low level of 
noise in the measured spectra that results from the use of the focusing probes.
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Figure 7.4: Spectra obtained from the sphere's surface at the [100] direction. 
Measurements made near the pseudo-Brewster for silicon have resulted in a large 
variation in the A spectra
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7.4 VASE analysis
7.4.1 Optical model with no damage
The measured spectra were first interpreted with an optical model that assumed there is no 
damage to the Si lattice. This model is summarised by Table 7-2 and its components are 
taken from the work described in Chapter 6.
Table 7-2: Three-layer model incorporating adsorbed 
water, carbonaceous contaminants and an oxide
Water d\v = 0.9 nm; «w = 1.33
Organic overlayer dc -  0.6 nm; tic = 1.27
SiOz - Herzinger Fit thickness, <^ si0 2
Si - Jeliison
The first layer represents the adsorbed water and its thickness (r/w = 0.9 nm) has been 
calculated using the adsorption isotherm determined at §5.5.3 and the measured ambient 
relative humidity, which was 30%. An over-layer of adsorbed carbonaceous material 
makes up the second layer, which has a measured refractive index of 1.27 (see §6.4) and a 
thickness of 0.6 nm (see §4.6.4). The third layer is the oxide whose optical constants are 
taken from Herzinger's values [148]. The spectra are fitted by varying the oxide layer 
thickness and the results given in Table 7-3. An estimate of the reproducibility of the 
measurements is taken as the standard deviation of the oxide thickness values reported for 
the [100] direction; four measurements yield a mean oxide thickness of 1.45 nm with a 
standard deviation 0.19 nm.
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Table 7-3: Measurement of the oxide thickness on the Si sphere at locations corresponding to its principle 
crystallographic directions. The spectra are interpreted with the three-layer model summarised by Table 7-2
Great Circle A
Direction [100] [110] [010] [110] [100] [110] [010] [110] [100]
dox (nm) 1.31 1.24 0.90 1.67 1.51 0.87 1.16 1.41 1.37
MSE 2.50 4.49 2.30 2.34 2.13 2.54 2.10 2.60 2.45
Great Circle B
Direction [100] [111] [Oil] [111] [100] [111] [Oil] [111] [100]
dox (nm) 1.73 1.44 1.60 1.33 1.39 1.85 2.33 2.67 1.40
MSE 1.55 1.82 1.67 1.90 1.69 1.78 1.51 1.49 1.77
The oxide thickness values are similar to those established in the literature for native 
oxides, and are generally less than 1.9 nm. Furthermore, the fit to the measured spectra is 
generally good. These results imply the three-layer model is an accurate representation of 
the surface and there is no significant damage over the majority of the sphere's surface. It 
has been established from the results obtained with the flat samples that the VASE spectra 
are sensitive to the presence of damage; when their spectra were analysed with a model 
containing no damage, the predicted oxide thickness values were too great.
The absence of detectable levels of damage must imply that material was removed during 
the sphere's final polishing stage without disturbing the Si lattice. This was not the case for 
the flat samples, which were all shown to have detectable levels of damage. The two 
exceptions for the sphere were the oxide thicknesses measured in the [Oil] and [111] 
directions, which are 2.33 nm and 2.67 nm respectively. These directions correspond to 
adjacent locations on the sphere's surface, and it is possible there is some localized damage 
arising from the polishing process in this region.
7.4.1.1 Variation of oxide thickness with crystallographic orientation
Co-workers [23] have reported a variation in the oxide thickness on a polished silicon 
sphere that is correlated with crystallographic orientation. The mean values along the three 
principle crystallographic directions of <100>, <110> and <111> were found to be 7.4, 8.5 
and 9.4 nm, respectively. These oxide thicknesses appear unrealistically high when
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compared with the results obtained for a Si sphere in this thesis. Part of the over­
estimation is explained by their use of a one-layer model that makes no provision for 
adsorbed water or carbonaceous material. This will lead to an over-estimation of the oxide 
thickness in the region of 2 to 3 nm depending on the ambient relative humidity and the 
surface cleanliness, which are not discussed in the reference. An additional source of error 
may stem from not using a focussed beam.
Table 7-4 gives the mean values of oxide thickness determined in this present study for the 
each principle crystallographic directions (they do not include the values for the [Oil] and
[111] directions which are unrealistically high). No significant variation in the thickness of 
the oxide layer is seen within the reproducibility of the measurements, which is ±0.19 nm. 
The oxide thickness of the flat samples measured with RBS also showed no variation with 
crystallographic orientation (see §4.3.3).
Table 7-4: The mean values of oxide thickness 
for the principle crystallographic directions
Direction Mean thickness 
(nm)
Std. dev 
(nm)
<100> 1.35 0.24
<110> 1.36 0.32
<111> 1.54 0.27
7.4.2 Optical model incorporating damage
The VASE spectra were next analysed with the optical model developed in Chapter 6 that 
makes provision for sub-surface damage. The components of this model are shown in 
Table 7-5. As discussed at §6.5.2, the model is adapted for use with a suiface that has no 
additional complementary data. As such, the EMA layer now contains only fixed 
parameters (i.e. /^ema = 13.7 nm and %void = 3.5) to avoid the correlation between fit 
parameters that would otherwise occur. The results of this analysis are shown in Table 7-6.
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Table 7-5: Model developed for flat surfaces. The fit parameters 
are the oxide and amorphous layer thicknesses
Water dw = 0.9 nm; » w  = 1. 3 3
Organic overlayer dc = 0.6 nm; nc = 1.27
SiOz - Herzinger Fit thickness, dsioi
a-Si - tab Fit thickness, das\
EMA (Si- Jell/void) < ^ e m a = 1 3 . 7  nm; %void = 3 . 5
Si - Jeliison
As anticipated, the values of oxide thickness are generally too low, and arise from the 
forced inclusion of the EMA layer with a refractive index that is lower than that of 
crystalline Si. The values of amorphous layer thicknesses are consistent, being around 0.6 
nm, but arise from the fitting process to compensate for the inclusion of the EMA layer. 
Therefore, the presence of sub-surface damage may be ruled out for the majority of the 
sphere's surface. Again, the only exception is the region containing the [Oil] and [111] 
directions, which give much more realistic values of oxide thickness after the application 
of this model.
Table 7-6; Measurement of the oxide and amorphous layer thicknesses. The spectra are interpreted with the 
model given in Table 7-5. The values obtained for the oxide thickness are unrealistically low, apart from the 
region that contains the[ Oil] and [111] directions, which is suspected of having sub-surface damage
Great Circle 1
Direction [100] [110] [010] [110] [100] [110] [010] [110] [100]
dox (nm) 0.44 0.41 0.03 0.81 0.61 0.00 0.27 0.54 0.48
d?a-si (nm) 0.62 0.53 0.63 0.60 0.66 0.62 0.65 0.61 0.66
MSE 2.33 4.32 2.25 2.16 2.16 2.44 2.37 2.48 2.34
Great Circle 2
Direction [100] [111] [Oil] [111] [100] [111] [Oil] [111] [100]
dox (nm) 0.88 0.57 0.70 0.44 0.49 0.97 1.45 1.79 0.51
t/a-si (nm) 0.56 0.62 0.67 0.63 0.66 0.63 0.64 0.62 0.66
MSE 1.73 1.80 1.75 1.91 1.79 1.81 1.54 1.76 1.89
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7.5 Recommended procedure for evaluating Avogadro Si spheres
Two optical models have been successfully applied to determine the oxide thickness on an 
Avogadro sphere. Evaluation of the models have shown that significant levels of sub­
surface damage were not created by the polishing process. The analysis of a sphere by 
ell ipso metry should therefore proceed with the three-layer model summarised in Table 
7-2. Measurements need to be made at a sufficiently large number (e.g. 20) of uniformly 
distributed locations about the surface in order to evaluate a sphere's mean oxide 
thickness. If there are regions where sub-surface damage is evident (i.e. where the 
measured oxide thickness is greater than 2 nm) then the model summarised in Table 7-5 
should be used to determine the oxide thickness.
Table 7-7: Estimated uncertainty in the measurement of oxide thickness for an 
Avogadro silicon sphere
Layer Parameter Value Uncertainty Contribution
(nm)
Water Isotherm 0.90 nm ± 0.24 nm ±0.20
Carbon nc 1.27 ± 0.34 ±0.23
Oxide
nsi02 1.47 ±0.30 ±0.18
model fit - ± 0.08 nm ±0.08
reproducibility - ±0.19 nm ±0.19
Total uncertainty (RSS) = ±0,41
As discussed in §1.2.4, the oxide thickness must be measured with an uncertainty not 
exceeding ± 0.5 nm, thereby keeping its contribution to the crystal's measured density 
below 0.005 ppm. The uncertainty in determining the oxide thickness with the model 
developed here is estimated as ± 0.4 Inm. Table 7-7 lists the individual contributions that 
make up this figure. The contribution from the measurement reproducibility (i.e. ± 0.19 
nm) will vary with each measured sphere, and will be best estimated from the standard 
deviation of mean oxide thickness. In summary, an optical model has been has been 
constructed from independent techniques that will enable the value o f the oxide thickness 
to be evaluated on Avogadro spheres with sufficient accuracy for the determination o f the 
Avogadro constant and the potential re-definition o f the kilogram.
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7.6 Future work
The work described in this thesis has already influenced the direction of the Avogadro 
Project. The measured mass values of Avogadro silicon spheres are now corrected for the 
mass of an adsorbed layer of water. This correction is based on the evaluation of the water 
layer thickness using the adsorption isotherm established in this thesis. The presence of an 
over-layer of carbonaceous material is now accepted and a method has been developed for 
cleaning silicon spheres. The next important step is to evaluate the oxide thickness on 
other Si spheres used by the Avogadro community with the procedure described at §7.5. It 
is anticipated that the oxide thickness values measured for these spheres will be reduced to 
levels closer to those seen for native oxides on processed Si surfaces (i.e. less than 2 nm).
A further goal is to produce a sphere with a stoichiometric thermal oxide, which will have 
two important benefits. First, the measurement of the crystal density is reliant on knowing 
both the thickness and the density of the oxide (see §1.2.4). For this calculation, an oxide 
density of 2.203 g cm'^ is assumed, which is a value for amorphous SiOz. However, in this 
thesis the oxide stoichiometry has been measured for several samples produced by 
mechanical polishing and an average value of SiOz.39 obtained (see §4.7). The nature of 
the polishing process is likely to have created concentrations of silanol groups within the 
oxide and produced a more porous, less dense oxide. Producing a stoichiometric thermal 
oxide will therefore make this assumption of a density value more robust. The second 
benefit concerns the values of the refractive index of the oxide used in the ellipsometry 
model, which are taken from Herzinger's data for a thermal oxide. The growth of a thermal 
oxide on Avogadro spheres will make this approach more robust, and reduce the 
uncertainty contribution for /isi0 2  given in Table 7-7.
7.7 Chapter conclusions
The first ellipsometry measurements have been made on a silicon sphere using a focused 
beam and the optical models that were constructed from independent techniques were 
successfully applied. The VASE spectra were initially interpreted with a model that 
included an overlayer of carbonaceous material and adsorbed water. No significant 
variation in the oxide thickness was observed at locations that correspond to the principle 
crystallographic directions. Furthermore, the oxide thickness values were generally
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consistent with those established for native oxides on processed Si surfaces. The two 
exceptions, whose oxide thickness values were unrealistically high, were found in a region 
that contained the [Oil] and [111] directions. Analysis of the VASE spectra with a model 
that contained two additional components to represent sub-surface damage gave realistic 
values of oxide thickness at these directions. A procedure has been presented that will 
enable the oxide thickness to be determined on Avogadro silicon spheres with an 
uncertainty of around ± 0.4nm, which is less than the target of 0.5 nm required for the 
measurement of crystal density.
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APPENDIX 1: Fabrication of artefacts from Si single crystal 
A l.l Fabrication stages
Three different surface geometries have been produced for the work presented in this 
thesis, namely flat, cylindrical and spherical. All three types of artefact have been 
manufactured using similar abrasion stages which are based on those traditional to 
precision optical polishing and grinding. These stages can be summarised as:
1. Shaping an artefact from a cylindrical boule using diamond tooling;
2. Smoothing the cut surface with aluminium oxide loose abrasives;
3. Polishing the smoothed surface with a colloidal suspension of very fine particles 
(aluminium oxide or silica).
Vital to all stages is the removal of sufficient material to ensure that any damage to the 
lattice stmcture (i.e. sub-surface damage) resulting from the previous stage was removed. 
Typically, the depth of material removed is three to four times that of the proceeding grit 
size. This process should ensure that any damage to the crystal lattice is due only to the 
final stage of polishing.
A1.2 Production of flat surfaces
Following the initial shaping with a resin-bonded diamond-grinding wheel, a flat surface 
was smoothed using aluminium oxide loose abrasives with grit sizes of 20 pm and 10 pm, 
respectively. Smoothing is a manual process, with each stage taking several hours to 
remove all traces of damage arising from the previous stage. This judgement is purely 
qualitative and is reliant on the skill of the craftsman to decide when a surface is free of 
imperfections (e.g. sleeks, pitting and 'greyed out' regions).
Polishing was achieved on a resin based lapping machine by the application of an optical 
polishing slurry that consisted of a colloidal suspension of aluminium oxide particles with 
a size of I pm. In practice, the particles break down during use, which is the underlying 
reason why a surface roughness on a nanometre scale is achievable. Polishing can take up 
to 30 hours to remove all damage from the previous smoothing stage. Great care must be
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exercised to keep particulate contaminants away from the lap as sleeks on the surface are 
very easily introduced.
Figure 7.5 shows two flat surfaces undergoing their final polish on the lap. Weights are 
added to the top of each artefact (in this case, a brass cylinder) to ensure that a consistent 
contact pressure is maintained throughout the process. Crucial to both smoothing and 
polishing stages is the movement of the artefact with respect to the abrasive medium. This 
must have a random motion to ensure there is no bias to the material removal process that 
might otherwise cause surface features to be present on the finished artefact. The 
Roughness Average was measured as being less than 0.3 nm for flat surfaces (see 
§4.8.2).
Figure 7.5: Two Si artefacts with a flat surface 
undergoing their final polish on a lapping machine
A 1.3 Production of cylindrical artefacts
All the cylindrical artefacts have been manufactured from a boule supplied by Wacker- 
Chemitronic. This boule was grown with its axis along a <100> direction and has a 
nominal diameter of 10 cm. A trepanner with a diamond cutting edge was used to rough 
out an oversized cylinder. The top and bottom face of a cylinder were polished using the 
process described at §A1.2. Polishing the side of a cylinder proved more problematic due 
to the non-random nature of the polishing action; the only practical means of polishing a 
cylinder’s side was to mount it axially on a lathe. Smoothing and polishing were then
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achieved by the application of shaped tools which were worked along the length of a 
cylinder by hand.
The tool for the smoothing stages consisted of an aluminium strip that was shaped into a 
right-angle, providing two points of contact with the side of a cylinder. Damage arising 
from the trepanner was removed during the first smoothing stage, which was achieved 
using silicon carbide loose abrasives with a grit size of 50 pm. Smoothing then proceeded 
using aluminium oxide loose abrasives with grit sizes of 20 pm and 10 pm respectively. At 
grit sizes below 10 pm, contact between the tool’s surface and the artefact became 
avoidable and small cuts began to appear on the surface. The right-angle tool was 
abandoned at this stage and a strip of aluminium was formed to take up the radius of the 
cylinder. Several different combinations of polisher matrix and slurry were tried. The most 
effective combination (i.e. least likely to cause damage) proved to be a matrix of expanded 
Polyurethane foam, which was cemented to the inner surface of the strip, with a colloidal 
suspension of aluminium oxide, followed by one of silica for the final polish.
A1.4 Production of spheres
A sphere was fabricated using the stages demonstrated by Figure 7.6. The starting point 
for manufacturing a sphere is to create a cube. However, the diameter of the cylindrical 
boule was too small to allow a cube with an edge length of 9.5 cm to be machined from its 
bulk. To overcome this problem, the cylindrical boule was cemented into a piece of crown 
glass as shown in Figure 7.6. A milling machine, with a diamond edged cutting tool, was 
used to systematically remove all edges and corners. This process was continued until the 
artefact was reduced to a polyhedron having 18 facets. The next stage was to grind away 
these facets leaving a sphere. Two tools were fashioned for this purpose and were 
manufactured from an aluminium tube, with an approximate wall thickness of 1 cm, and 
an internal diameter of 7 cm. An annulus was cut on one inside edge of each tool. As can 
be seen in Figure 7.6, one tool was mounted vertically on a spindle that is connected to a 
motor which turns at 60 rpm. The sphere was supported within the annulus of this tool. 
The other tool was manually held in contact with sphere and was worked with a random 
motion to ensure that each sphere was polished uniformly across its surface. Grinding was 
carried out using coarse silicon carbide abrasives with grit sizes of 600 pm, 100 pm and 
50 pm, respectively.
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#Figure 7.6: Sphere fabrication stages (left to right); I) cementing a Si cylindrical boule into a glass block: 2) 
removing corners/edges with a milling machine; 3) a sphere during its smoothing stage; 4) tool faces coated 
with an optical pitch for polishing
A pair of new tools were used for the smoothing and polishing stages. Smoothing 
proceeded using aluminium oxide loose abrasives with grit sizes of 20 pm and 10 pm. To 
avoid contact between the tool and the artefact during polishing, the annulus of each tool 
was coated with a matrix of optical pitch. The polishing medium was a colloidal 
suspension of silica with a particulate size of 0.05 pm. This final polishing stage took 
around 20 hours to completely remove the damage from the 10 pm smoothing stage.
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APPENDIX 2: Crystallographic orientation of Avogadro silicon spheres
Determining the crystaliographic orientation of Avogadro silicon 
spheres
Moreton Moore,^ Stephen Downes'  ^and David Bayliss^
^Department o f Physics, Royal Holloway, University of London, Egham, Surrey TW 20  
OEX, UK, and ^National Physical Laboratory, Teddington, M iddlesex TW11 OLW, E-mail: 
m.moore@ rhul.ac.uk and stephen.dow nes@ npl.co.uk
Synopsis A goniometer has been constmcted to enable the crystallographic orientation of 
highly polished single-crystal silicon spheres, with a mass of 1 kilogram, to be determined 
using the back-reflection Lane technique.
Abstract Highly polished spheres, manufactured from silicon single-crystal material, are used in 
the X-ray crystal density method (XCDM) to determine the Avogadro constant. If the 
measurement uncertainty associated with this method can be reduced to 0.01 ppm, it would be 
possible to redefine the SI unit of mass, the kilogram, in terms of a fixed number of atoms of a 
definite species. The spheres are manufactured with a nominal mass of 1 kilogram and nominal 
diameter of 90 mm and a surface roughness of 0.5 nm (peak to valley). A goniometer has been 
constructed to enable the crystallographic orientation of these spheres to be determined using the 
back-reflection Laue technique. Two spheres have been successfully orientated in this manner by 
identifying two orthogonal <100> directions.
Keywords: Avogadro constant, Laue technique, silicon sphe res
1. Introduction
Knowledge of the crystallographic orientation of mechanically polished silicon spheres is needed 
to establish whether crystallographic direction influences (1) the thickness of the native oxide that 
forms after polishing and (2) the structure and depth of damage to the crystal lattice at the Si/SiOs 
interface induced by the polishing process. The characterization of the surface is an important step 
in providing a possible new definition of the kilogram.
2. A new definition of the kilogram?
The kilogram, equal to the mass of the International Prototype of the Kilogram, is the last of the 
seven base units of the Système International d’Unités (SI) to be defined by a physical artefact
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rather than derived from naturally occuning physical phenomena (Quinn, 1994/95). A definition 
based on a physical artefact presents unique problems both in its maintenance and dissemination 
(Quinn, 1991), the most significant of which concerns the manner in which the International 
Prototype Kilogram ‘K’ ages. The stability of ‘K’, a cylinder of platinum-10% iridium alloy, and 
of the 90 national standard copies all made from the same type of alloy, is dependent on the 
accretion of surface contaminants (Davidson, 2001). Furthermore, the effect of cleaning (Girard, 
1990) is to remove only those contaminants which are physisorbed to the surface (Cumpson, Seah, 
1996). This has resulted in the mass of some copies increasing by as much 75 pg over the last 100 
years (Girard, 1994) and compares poorly with an uncertainty of just a few pg achievable when 
comparing masses during the dissemination of the unit of mass to the user community. These 
concerns have led to several projects which aim to provide a new definition of the kilogram 
(Downes, 1998).
One possibility is to relate the kilogram to an atomic mass. The kilogram could be defined as 
10^  A/a II, where A/a is the Avogadro constant and u the unified atomic mass unit. To make such a 
definition viable, the uncertainty with which Na would need to be known must be reduced to 
0 01 ppm. A direct value of A/a can be determined through the X-ray crystal density method 
XCDM (Deslattes, 1994; Becker, 2001), where the lattice parameter üq, density p and molar mass 
M of a single crystal are measured. For a perfect single crystal, comprised of a single element with 
n atoms per unit cell, the Avogadro constant is given by the ratio of the molar volume Pmoi to the 
atomic volume
Historically, silicon is chosen as the crystal material because it can be prepared in a form that is 
extremely pure with a near-perfect crystal structure (Zulehner, 1994). The following quantities are 
determined: (1) the volume occupied by a single Si atom; (2) the macroscopic density of the same 
crystal; and (3) the molar mass and, thus, the isotopic composition of the Si crystal: (silicon has 
three stable isotopes: ^^ Si, ^^ Si, °^Si).
For real crystals, the application of the XCDM and equation (1) require the lattice parameter to 
be an invariant quantity of nature within the limits of the desired uncertainty, when the influence 
of residual defects and isotopic composition are accounted for (Becker, 2001). Combined optical 
and x-ray interferometers (Bonse, 1971; Nakayama, Fujimoto, 1997) are used to determine the 
spacing of the (220) lattice planes, the principle of which is shown by Figure 1.
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Figure 1 Schem atic view  o f the x-ray interferom eter for lattice param eter determ ination (Becker, 2001)
Three parallel lamellae are manufactured from a silicon single-crystal. The crystal is cut in such 
a way that its crystal planes are very accurately maintained parallel to one another, even though the 
third lamella is translated over small distances. Incident x-rays are diffracted by the first two 
crystals (splitter S and mirror M) to produce a region of stationary wavefronts at the locus of the 
third crystal (analyser A). This crystal also diffracts X-rays, and the detector D monitors these 
diffracted beams. A translation of the analyser crystal in a direction perpendicular to the lattice 
planes produces a periodic variation in the detected intensity, the period being equal to the lattice 
spacing. The displacement of the analyser is simultaneously measured using an optical 
interferometer (indicated by open arrows). If m is the number of optical fringes, n the number of 
X-ray fringes and X the wavelength of the laser, the lattice spacing is calculated as d(220) = (m/n) 
2/ 2 .
A crystal's molar mass is determined by absolute measurements of the isotopic abundances of 
its three stable isotopes. The abundance ratio measurements are made by means of an isotope-ratio 
gas mass spectrometer, which is described in detail by De Bièvre (1993).
The most accurate means by which the density of a crystal can be determined is by direct 
measurement of mass and volume (Fujii, 1995). A sphere is an ideal shape for the measurement of 
its dimensions, and hence volume. It has no edges or corners that would make it vulnerable to 
damage and its volume can be determined by one parameter, its mean diameter. The mass of such 
artefacts must be comparable with the International Prototype Kilogram to facilitate their accurate 
weighing. Spheres are now manufactured for the Avogadro Project with nominal diameters of 
90 mm and asphericities of the order of 50 nm (Leistner, Giardini, 1994). Their deviations from 
roundness have a strong cubic symmetry that is correlated with crystallographic direction, 
resulting from different values of hardness (Collins, 1997).
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Knowledge of the composition and structure of the surface of Avogadro spheres is vital when 
making corrections to the measured volume and density. The mean diameter is determined by 
optical interferometric length measurements, whereby a sphere is placed within a quartz étalon and 
a light beam from a frequency-stabilised He-Ne laser is divided into two beams pointing at 
opposite ends of the interferometer. From the phase difference of the interfering beams, with and 
without the sphere in place, a diameter can be determined (Fujii, 1995). The presence of a native 
oxide on a sphere's surface causes a phase retardation of the light beam on reflection from the 
oxide and a systematic difference between the observed and real diameters (Fujii, 1999). 
Spectroscopic Ellipsometry has been used to determine the oxide thickness on Avogadro spheres. 
A recent study (Kenny, 1999) has suggested a dependence of oxide thickness on crystallographic 
orientation for such artefacts. Furthermore, measurements made with Ion Beam Analysis of 
mechanically polished silicon substrates have shown damage to the crystal lattice at the Si/SiO? 
interface (Downes, 2001), which is dependent on crystallographic orientation. The optical 
constants of these damaged regions may be significantly different from that of the single crystal 
and cause an overestimation of the oxide thickness when interpreting the measured ellipsometric 
spectra. It is hypothesised by the authors that mechanically polished Avogadro spheres may also 
contain significant levels of damage at the Si/SiOi interface.
3. Experimental details
A three-stage goniometer has been assembled to accommodate Avogadro spheres. Accurate 
rotation about the vertical axis was achieved by an Apex goniometer, whilst rotation about two 
other axes (one of which being horizontal) was achieved by two Huber goniometers, one riding on 
the other, see Figure 2. The Apex goniometer was arranged so that its rotation axis was intersected 
by the X-ray beam and was also aligned with the vertical diameter of the sphere. Eucentric 
positioning of the sphere with the uppermost goniometer was made through the sphere support, 
which was attached directly to a threaded collar. A mounting frame, which attached rigidly to the 
X-ray tube shield, enabled the collimator and film holder to be replaced with a sliding stylus to 
mark temporarily a sphere's surface in-sitii, once the desired orientation had been accurately 
established from Laue photographs. The X-ray collimator, or sliding stylus of the same diameter, 
could be placed in two V-supports, one of which is visible on the left-hand side of the photograph 
(Figure 2). In this way. X-rays were directed towards the centre of the sphere and the precise 
position of the point where the X rays were incident upon the sphere suiface could be recorded.
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Figure 2 Avogadro sphere supported by the goniometer
Two spheres have been successfully orientated in this manner by identifying two orthogonal 
<100> directions using the back-reflection Laue technique. Agfa Strukturix D7 film (cut to 165 
mm X 120 mm) was held in a light-tight plane film holder, with its normal accurately set along the 
direction of the incident X-ray beam. The perpendicular distance between the film and the spot on 
the silicon sphere from which X-rays were reflected was measured as approximately 39 mm. This 
figure was later revised to 38 0 mm, once a perfectly symmetrical Laue pattern had been obtained, 
following careful angular adjustments to the sphere.
The X-ray beam consisted of collimated (1 mm) unfiltered copper radiation from a sealed tube, 
run at 40 -  45 kV and 15 mA from a thirty-year old Enraf-Nonius TN20 X-ray generator. 
Exposure times ( 2 - 3  hours) were relatively long; but as only a few Laue photographs were 
required from only two silicon spheres, this was not a serious disadvantage.
Twelve major X-ray reflections were used for measurements; four 117, four 115 and four of 
026 type: symmetrically disposed about the [001] tetrad axis. The radial distances of the 026 
reflections measured from the centre of the Laue pattern were all 28-50 ± 0-25 mm. Taking the 
angle (36-87°) between the [026] and [001] directions as a, tana = 1/3 and tan2a = 3/4. Thus the 
distance from the flat film to the nearest point on the sphere was (4/3)28-5 = 38-0 mm. The 
accuracy for the angular setting for the silicon sphere was estimated to be 7 minutes of arc (= 
0-12°, being half the 2 a  variation measured from the film). The surface orientations were 
permanently marked at a later stage by laser etching.
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The impact of crystallographic orientation on oxide thickness will now be investigated using 
Spectroscopic Ellipsometry. Ion Beam Analysis will be used to give additional information 
concerning the possibility of damage at the Si/SiOj interface arising from the mechanical polishing 
process.
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